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Abstract 
A series of four bifunctional ligands based on β-diketonate moieties bearing methyl, 
chloro, bromo and iodo substituents and their corresponding Cu(II) complexes were synthesized 
and crystallographically characterized in order to explore the possibility of using relatively weak 
halogen…halogen contacts for the directed assembly of predictable architectures in coordination 
chemistry. The four ligands have characteristic O–H O intramolecular hydrogen bonds, and the 
structures of the halogenated ligands contain extended 1-D architectures based on C O X 
halogen bonds, which can be explained on the basis of electrostatic considerations. The 
corresponding Cu(II) complexes show a constant coordination chemistry for all the ligands, 
wherein the metal ion sits in a slightly distorted square-planar pocket, without any coordinated or 
uncoordinated solvent molecules. Furthermore, the absence of halogen-bonds in the coordination 
complexes is due to the depleted charge on the potential halogen-bond acceptors. As a result, the 
halogen-bonds are unable to compete with the inherent close packing in the crystal lattice, and 
thus display a head to head close-packed motif for methyl, chloro, and bromo, substituted Cu(II) 
complexes. The enhanced polarizability of the iodine atom, produces a more electropositive 
surface which means that this structure cannot accommodate a linear head-to-head arrangement 
due to electrostatic repulsion, and thus a unique close-packed structure very different from the 
three iso-structural complexes is observed for the iodo substituted Cu(II) complex.1 
Oximes offer great opportunities in supramolecular chemistry (hydrogen-bond donors), 
as well as in coordination chemistry (strong coordinating ligands). Hence, we established a 
versatile and robust mechanochemical route to aldehyde/ketone–oxime conversions for a broad 
range of aldehydes2 and ketones3 via a simple mortar–pestle grinding method. The relative 
reactivity of aldehydes vs. ketones under these conditions was also explored, along with an 
examination of the possible connection between reactivity and electronic substituent effects. 
The growing interest in the oxime (RR′C═N–OH) functionality, and a lack of the 
systematic examinations of the structural chemistry of such compounds, prompted us to carry out 
analysis of intermolecular oxime···oxime interactions, and identify the hydrogen-bond patterns 
for four major categories of oximes (R′ = −H, −CH3, −NH2, −CN), based on all available 
structural data in the CSD, complemented by three new relevant crystal structures.4 It was found 
  
that the oximes could be divided into four groups depending on which type of predominant 
oxime···oxime interactions they present in the solid-state: (i) O–H···N dimers ( (6)), (ii) O–
H···N catemers (C(3)), (iii) O–H···O catemers (C(2)), and (iv) oximes in which the R′ group 
accepts a hydrogen bond from the oxime moiety catemers (C(6)). 
In order to explore and establish a hierarchy between hydrogen (HB) and halogen (XB) 
bonds in supramolecular architectures, we designed and synthesized two ditopic HB/XB donors, 
and screened them with a series of 20 HB acceptors. IR was used as a preliminary and reliable 
tool to gather information on the presence/absence of HB/XB in the different cases. We were 
able to get the solved single-crystal data for three of the 40 reactions. In two out of two cases 
with symmetric ditopic acceptors, both HB and XB were present leading to 1-D infinite chains, 
which suggests that in a system of “equal opportunities”, both these interactions can be tolerant 
of each other. In the only case with asymmetric ditopic acceptor, the HB donor binds to the best 
acceptor, whereas XB donor binds to the second best acceptor. This selectivity can be 
rationalized on the basis of electrostatic considerations, where the HB donor was shown to have 
a higher molecular electrostatic potential than the XB donor. 
Finally, we designed and synthesized a versatile and dynamic metallomacrocycle based 
on the 2,2'-bipyridyl backbone capable of controlling the metal-metal distance within the 
macrocycle cavity. The macrocycle was synthesized by high-dilution method and characterized 
by several spectroscopic techniques (IR, NMR, Mass, UV-Visible). Also, the macrocycle:Cu(II) 
stoichiometric ratio was determined by Job’s continuous variation method using UV-Visible 
spectroscopy, and was found to be 1:2, respectively. 
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Abstract 
A series of four bifunctional ligands based on β-diketonate moieties bearing methyl, 
chloro, bromo and iodo substituents and their corresponding Cu(II) complexes were synthesized 
and crystallographically characterized in order to explore the possibility of using relatively weak 
halogen…halogen contacts for the directed assembly of predictable architectures in coordination 
chemistry. The four ligands have characteristic O–H O intramolecular hydrogen bonds, and the 
structures of the halogenated ligands contain extended 1-D architectures based on C O X 
halogen bonds, which can be explained on the basis of electrostatic considerations. The 
corresponding Cu(II) complexes show a constant coordination chemistry for all the ligands, 
wherein the metal ion sits in a slightly distorted square-planar pocket, without any coordinated or 
uncoordinated solvent molecules. Furthermore, the absence of halogen-bonds in the coordination 
complexes is due to the depleted charge on the potential halogen-bond acceptors. As a result, the 
halogen-bonds are unable to compete with the inherent close packing in the crystal lattice, and 
thus display a head to head close-packed motif for methyl, chloro, and bromo, substituted Cu(II) 
complexes. The enhanced polarizability of the iodine atom, produces a more electropositive 
surface which means that this structure cannot accommodate a linear head-to-head arrangement 
due to electrostatic repulsion, and thus a unique close-packed structure very different from the 
three iso-structural complexes is observed for the iodo substituted Cu(II) complex.1 
Oximes offer great opportunities in supramolecular chemistry (hydrogen-bond donors), 
as well as in coordination chemistry (strong coordinating ligands). Hence, we established a 
versatile and robust mechanochemical route to aldehyde/ketone–oxime conversions for a broad 
range of aldehydes2 and ketones3 via a simple mortar–pestle grinding method. The relative 
reactivity of aldehydes vs. ketones under these conditions was also explored, along with an 
examination of the possible connection between reactivity and electronic substituent effects. 
The growing interest in the oxime (RR′C═N–OH) functionality, and a lack of the 
systematic examinations of the structural chemistry of such compounds, prompted us to carry out 
analysis of intermolecular oxime···oxime interactions, and identify the hydrogen-bond patterns 
for four major categories of oximes (R′ = −H, −CH3, −NH2, −CN), based on all available 
structural data in the CSD, complemented by three new relevant crystal structures.4 It was found 
  
that the oximes could be divided into four groups depending on which type of predominant 
oxime···oxime interactions they present in the solid-state: (i) O–H···N dimers ( (6)), (ii) O–
H···N catemers (C(3)), (iii) O–H···O catemers (C(2)), and (iv) oximes in which the R′ group 
accepts a hydrogen bond from the oxime moiety catemers (C(6)). 
In order to explore and establish a hierarchy between hydrogen (HB) and halogen (XB) 
bonds in supramolecular architectures, we designed and synthesized two ditopic HB/XB donors, 
and screened them with a series of 20 HB acceptors. IR was used as a preliminary and reliable 
tool to gather information on the presence/absence of HB/XB in the different cases. We were 
able to get the solved single-crystal data for three of the 40 reactions. In two out of two cases 
with symmetric ditopic acceptors, both HB and XB were present leading to 1-D infinite chains, 
which suggests that in a system of “equal opportunities”, both these interactions can be tolerant 
of each other. In the only case with asymmetric ditopic acceptor, the HB donor binds to the best 
acceptor, whereas XB donor binds to the second best acceptor. This selectivity can be 
rationalized on the basis of electrostatic considerations, where the HB donor was shown to have 
a higher molecular electrostatic potential than the XB donor. 
Finally, we designed and synthesized a versatile and dynamic metallomacrocycle based 
on the 2,2'-bipyridyl backbone capable of controlling the metal-metal distance within the 
macrocycle cavity. The macrocycle was synthesized by high-dilution method and characterized 
by several spectroscopic techniques (IR, NMR, Mass, UV-Visible). Also, the macrocycle:Cu(II) 
stoichiometric ratio was determined by Job’s continuous variation method using UV-Visible 
spectroscopy, and was found to be 1:2, respectively. 
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Chapter 1 - Introduction 
 1.1 Supramolecular chemistry 
The seminal work by H. E. Fischer in 1894, wherein he described the enzyme-substrate 
interactions, as being analogous to that of a ‘lock and key’,1 sowed the seed for the concepts of 
‘molecular recognition’2 and ‘supramolecular chemistry’.3 Molecular recognition, as the name 
suggests, refers to the specific interactions between two or more molecules, akin to that of a lock 
having a specific key (Figure 1.1). These interactions are usually non-covalent in nature to allow 
for reversibility and dynamism in the system (required in biological processes). 
 
Figure 1.1 Molecular recognition of a substrate by an enzyme. 
Fischer’s work was followed by a period of intense research on the design and synthesis 
of molecular systems that mimicked biological processes. Finally, in 1969, the term 
‘supramolecular chemistry’ was put forth by Jean-Marie Lehn as part of his study on inclusion 
compounds.2,4 He defined it as ‘the chemistry of the inter-molecular bond’, which encompasses 
the self-assembly of two or more molecules into different and distinct architectures via non-
covalent forces of interaction. 
An important aspect of supramolecular chemistry is communication and change, which 
leads to the predictable assembly of solid-state architectures from smaller molecular building 
blocks, as opposed to random and serendipitous assembly. An ideal supramoleclar process is 
dynamic in nature, wherein the molecular building blocks are so designed, that they can express 
specific and directional intermolecular interactions, so as to achieve controlled and directed 
assembly of the molecules, which in turn leads to a better understanding of the macroscopic 
properties of materials.5 Thus, it is not only important to fully understand the nature of these 
tools of communication between the molecules required for supramolecular assembly, but also to 
have a handle on these forces of interaction. 
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 1.2 Tools for communication between molecules 
 1.2.1 Covalent synthesis 
Covalent synthesis, as we know it today, is a powerful and an ever-growing field in 
chemistry, as synthetic chemists have been working for over a century to come up with novel 
reactions in order to synthesize more and more complicated compounds (Figure 1.2).6 Organic 
transformations can be defined in a simplistic way as – ‘the conversion of A to B, using C as the 
reagent’. These transformations involve the breaking and making of covalent bonds, which 
makes it possible to carry out multi-step reactions, and to isolate intermediates and products. 
Systematic studies of organic reactions over the years has enabled organic chemists to better 
understand molecular structure, reactivity, and reaction pathways.6 
 
Figure 1.2 Sheehan’s total synthesis of penicillin V.7 
 1.2.2 Supramolecular synthesis 
Supramolecular synthesis is an area of research, which is still largely unexplored, when 
compared to covalent synthesis.8 This can be attributed to the use of reversible intermolecular 
interactions such as hydrogen-bonds, halogen-bonds, and π-π interactions, which normally 
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restricts solution-phase experiments to single-step (one-pot) process. Thus, it is important to 
understand these weaker forces of interaction, and to establish reliable synthetic routes towards 
the assembly of complicated supramolecular architectures. 
 1.2.2.1 Coordinate bonds 
The ground breaking work by Alfred Werner in 1893, wherein he proposed the 
octahedral configuration of transition metal complexes,9 led to an increased interest in the field 
of coordination chemistry, where the synthesis, characterization and properties of coordination 
complexes attract tremendous attention. A key element is controlling the metal-ligand 
interactions in a coordination architecture, in a bid to assemble networks of precise topology and 
pre-determined connectivity.10,11 These varied architectures are ubiquitous in the field of 
catalysis,12 host-guest chemistry,13 sensors14 and drug delivery.15 Different metal ion sizes and 
coordination preferences, coupled with the varying coordination modes of coordinating ligands 
can lead to the formation of zero- to three-dimensional architectures, thus providing considerable 
flexibility and versatility in metal-ligand chemistry.11 
 1.2.2.1.1 0-D assemblies constructed from coordinate bonds 
An example of a zero-dimensional coordination complex is the silver(I) metallacycle 
synthesized by Fromm et al. (Figure 1.3).16 
 
Figure 1.3 A zero-dimensional Ag(I) metallacycle.16 
The bidentate pyridyl based flexible ligand (L) adopts a U-shape conformation and 
coordinates to two Ag(I) metal ions, thus forming a [Ag2L2]
2+ metallacycle, where the nitrate 
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counterion is coordinated to two silver cations in a μ2-fashion, providing a distorted T-shape 
coordination motif for the metal atom.16 Another recent example showcase a tridentate ligand (1-
(4-(1H-pyrazol-1-yl)phenyl)butane-1,3-dione) coordinated to two Zn(II) ions as a two-connected 
linker, thus giving rise to discrete binuclear [2 + 2] metallomacrocycles.17 
 1.2.2.1.2 1-D assemblies constructed from coordinate bonds 
One-dimensional coordination polymers/complexes having useful properties such as 
magnetism18 and photoluminescence19 are well known. Ye et al. synthesized a 1-D polymer 
{[Eu(OAc)2(H2O)(OBPT)]·3H2O}n (OBPT = 4,6-bis(2-pyridyl)-1,3,5-triazin-2-ol), where the 
coordination geometry around each Eu3+ metal ion can be described as a distorted tricapped 
trigonal prism with six oxygen atoms (four oxygen atoms from two acetate ions, one oxygen 
atom from the water molecule, and one oxygen atom from the ligand) and three nitrogen atoms 
(from the ligand) (Figure 1.4).20 This polymer shows selective luminescence enhancement for 
sensing small organic molecules. 
 
Figure 1.4 A one-dimensional luminescent Eu(III) coordination polymer.20 
 1.2.2.1.3 2-D/3-D assemblies constructed from coordinate bonds 
Metal-organic frameworks (MOFs) are the most extensively researched higher order 
coordination complexes,21 and is arguably one of the most prolific fields in current inorganic 
chemistry.22 There is increased research in controlling the topology of the metal-ligand bonds 
(primary synthetic vector) in MOFs as the resulting architectures are of significant interest, and 
can give rise to porous frameworks that can be used in catalysis,12 gas-sorption,23 chemical 
separations,24 sensors14 and drug delivery.15 Hupp et al. have synthesized MOFs that have the 
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highest Brunauer-Emmett-Teller (BET) surface areas of any reported porous materials to date 
(Figure 1.5).25 
 
Figure 1.5 A highly porous three-dimensional metal-organic framework.25 
 1.2.2.2 Hydrogen-bonds 
Hydrogen-bonds represent one of the most studied intermolecular interactions in 
supramolecular synthesis, due to the strength and directionality of such interactions, when 
compared to many other intermolecular interactions.26 Hydrogen-bond complementarity 
(geometry, and number of hydrogen-bond donors and acceptors) can offer reliable tools for 
constructing supramolecular architectures,27 and many self-complementary homomeric 
interactions are well documented, of which the carboxylic acid,28 amide29,30 and oxime31 dimers 
are most notable examples (Figure 1.6). 
 
Figure 1.6 Self-complementary hydrogen-bonded dimer in carboxylic acids (a), amides (b), and 
aldoximes (c). 
 1.2.2.2.1 Homomeric 0-D assemblies constructed from hydrogen-bonds 
Self-complementary hydrogen-bonding groups such as carboxylic acids, aldoximes, 
ketoximes, pyrazoles and amino-pyridines are all capable of forming homomeric zero-
dimensional dimers (Figure 1.7).32,33,34 
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Figure 1.7 Homomeric zero-dimensional dimers in benzoic acid (a), acetophenone oxime (b) 
and 2-aminopyridine (c). 
Intermolecular O-H…O, O-H…N and N-H…N interactions are responsible for the 
hydrogen-bonded dimers formed in benzoic acid,32 acetophenone oxime33 and 2-
aminopyridine,34 respectively. These interactions are robust and are consistently expressed in the 
solid-state in the absence of any competing strong hydrogen-bond donors or acceptors. 
 1.2.2.2.2 Homomeric 1-D assemblies constructed from hydrogen-bonds 
Self-complementary interactions in phenols,35 imidazoles,36 amides,29,30 dioximes,31 
dicarboxylic acids,37 amino-pyrimidines38 and ureas39 can lead to homomeric 1-D chains in the 
solid-state (Figure 1.8). Phenols and imidazoles can form homomeric 1-D catemers via O-H…O 
and N-H…N intermolecular interactions, respectively. Two separate motifs in amides combine to 
form the catemeric chains, wherein the syn-proton forms a dimer via self-complementary N-
H…O hydrogen-bonds, and the anti-proton is involved in N-H…O hydrogen-bonds with the 
bifurcated carbonyl oxygen atom. Oximes are capable of forming homomeric hydrogen-bonded 
dimers, as well as 1-D catemers in the solid-state via O-H…N interactions, and there are a few 
examples in literature of oximes that exist in the catemeric state,40 whereas most of the dioximes 
form 1-D chains via two distinct self-complementary dimers. 
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Figure 1.8 Homomeric 1-D motifs formed in phenols (a), amides (b), oximes (c), amino-
pyrimidines (d), ureas (e), dioximes (f), dicarboxylic acids (g) and imidazoles (h). 
Dicarboxylic acids (aliphatic or aromatic) and amino-pyrimidines form two distinct self-
complementary hydrogen-bonded dimers via O-H…O and N-H…N interactions, respectively, 
which extends these architectures into homomeric one-dimensional chains. Ureas can form 1-D 
chains via bifurcated N-H…O hydrogen-bonds between the amide N-H moiety and the carbonyl 
oxygen atom.39 
 1.2.2.2.3 Homomeric 2-D assemblies constructed from hydrogen-bonds 
A combination of two or more identical or different hydrogen-bonding motifs can in 
principle lead to the assembly of two-dimensional supramolecular architectures. A common 
example of homomeric 2-D architecture assembled via identical hydrogen-bonding motifs is 
benzene-1,3,5-tricarboxylic acid, wherein self-complementary O-H…O hydrogen-bonds lead to 
the formation of hexagonal networks.41 A combination of self-complementary hydrogen-bonding 
moieties such as urea and imidazole gives rise to a homomeric 2-D hydrogen-bonded 
architecture by the independent combination of urea-urea (bifurcated N-H…O hydrogen-bonds 
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between amide N-H moiety and the carbonyl oxygen atom) and imidazole-imidazole (N-H…N 
interactions) moieties (Figure 1.9).36 
 
Figure 1.9 Homomeric 2-D architecture constructed from self-complementary hybrid ureido-
imidazole moieties.36 
 1.2.2.2.4 Homomeric 3-D assemblies constructed from hydrogen-bonds 
Polyhedral organosilanols, such as tetrakis[4-(diisopropylhydroxysilyl)phenyl]methane42 
and carboxylic acids, such as adamantane-1,3,5,7-tetracarboxylic acid43 form 3-D diamondoid 
networks through self-complementary O-H…O hydrogen-bonds (Figure 1.10). A hydrogen-
bonded 3-D structure is even observed in the case of crystalline glycerol.44 
 
Figure 1.10 Homomeric hydrogen-bonded 3-D diamondoid networks found in polyhedral 
organosilanols. 
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 1.2.2.3 Halogen-bonds 
The halogen-bond (XB) is a non-covalent interaction, which has been used for the 
assembly of predictable and directional supramolecular architectures.45 It is electrostatic in 
nature46 and is comparable in strength to hydrogen-bonds.46 There are three types of halogen 
contacts (Figure 1.11);47 (i) a conventional halogen-bond takes place between electronegative 
atoms such as nitrogen or oxygen atom, and the electron-deficient tip of a halogen atom, (ii) 
type-I halogen-halogen contacts which are due to van der Waals interactions between two 
halogen atoms (characteristic C-X…X angle = 120º, X = Br, I), and (iii) type-II halogen-halogen 
contacts between the electron-rich and electron-deficient regions on a halogen atom 
(characteristic C-X…X angle = 90º, X = Br, I). 
 
Figure 1.11 (a) Conventional halogen-bond; (b) Type-I halogen-halogen contacts; (c) Type-II 
halogen-halogen contacts. 
 1.2.2.3.1 Halogen-bonds through N/O…X (X = Br or I) 
Pyridines and nitriles can act as halogen-bond acceptors, as can be seen from the single-
crystal structures of 4-iodopyridine,48 4-iodobenzonitrile49 and 4-bromobenzonitrile,49 wherein 
the structure-directing force of interaction is the N…X halogen-bond between the pyridine/nitrile 
nitrogen atom and the halogen atom (X = Br, I), which gives rise to infinite 1-D chains (Figure 
1.12). 
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Figure 1.12 Infinite 1-D chains seen in the single-crystal structure of 4-iodopyridine (a) and 4-
iodo/bromobenzonitrile (b). 
Fluorination of the aromatic rings results in shorter N…X (X = Br, I) bond distances, as in 
the case of 4-iodo-2,3,5,6-tetrafluorobenzonitrile50 and 4-bromo-2,3,5,6-tetrafluorobenzonitrile.50 
This is expected, as the electron-withdrawing effect of the fluorine atoms on the phenyl ring 
increases the positive charge on the tip of the halogen atoms, thus strengthening the electrostatic 
interaction between the nitrogen atom and the halogen atom. 
Carbonyl oxygen atoms can also act as effective halogen-bond acceptors, as seen in 4-
iodoacetophenone51 and 4-bromoacetophenone,51 wherein the directional C=O…X (X = Br, I) 
halogen-bonds give rise to 1-D chains in the solid-state (Figure 1.13). 
 
Figure 1.13 1-D chains seen in the single-crystal structure of 4-iodoacetophenone.51 
 1.2.2.3.2 Halogen…halogen interactions 
Halogenated aryls (X = Cl, Br, I) are known to form structure-directing bifurcated 
halogen…halogen interactions in the solid-state (Figure 1.14),52 and these interactions have been 
used for the assembly of supramolecular architectures.45 
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Figure 1.14 Homomeric bifurcated halogen…halogen interactions in halogenated aryls (X = Cl, 
Br, I). 
 1.3 Crystal engineering 
‘Crystal engineering’ is the design and synthesis of predictable and controllable solid-
state architectures with desired properties, based on the knowledge of different intermolecular 
interactions. This term was first used by Schmidt in 1971 as part of his study on the 
photodimerization reactions in crystalline cinnamic acids.53 The meaning of this term has 
broadened since then to include solid-state supramolecular chemistry, and a more modern 
definition has been provided by Desiraju, who defined it as “the understanding of intermolecular 
interactions in the context of crystal packing and the utilization of such understanding in the 
design of new solids with desired physical and chemical properties”.54 Thus, it is important to 
control the arrangement of the molecules in the solid-state, as this would enable us to control 
many of the bulk-properties of the materials.55 
 1.3.1 Supramolecular synthons 
A molecular recognition event usually involves an interaction between complementary 
forces, such as hydrogen-bonding motifs or a metal and a ligand. Desiraju coined the term 
‘supramolecular synthon’ as an analogy to the retrosynthetic approach to organic synthesis, and 
defined it as “structural units within supermolecules that can be formed and/or assembled by 
known or conceivable synthetic operations involving intermolecular interactions”.29 Common 
synthons include the carboxylic acid and amide homomeric dimers, and the carboxylic acid-
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pyridine heteromeric dimer (Figure 1.15). Supramolecular synthons are an integral part of crystal 
engineering, and it is important to identify the limits and conditions under which these synthons 
can be used to reliably assemble supramolecular architectures with specific topologies. 
 
Figure 1.15 Examples of supramolecular synthons; (a) carboxylic acid dimer, (b) amide dimer, 
and (c) carboxylic acid-pyridine dimer. 
 1.3.2 Graph set notation 
Graph set notation can be used to describe the hydrogen-bonded motifs, and was first 
introduced in 1990 by Etter et al. to differentiate between the different motifs on the basis of 
number of donors and acceptors present in the crystal structure.56,57 It is written as: 
(n) 
where G denotes the observed pattern, n is the degree or the total number of atoms in the 
motif, a is the number of acceptors, and d is the number of donors. G can denote one of the four 
possible patterns; (i) S (self) for intramolecular hydrogen-bonds, (ii) C (chain) for infinite chains, 
(iii) R (ring) for intermolecular rings, and (iv) D (discrete) for finite structures. The terms a and 
d are omitted when a = d = 1, and also n is omitted in the case of D when there is only one 
hydrogen-bond. Some examples of different graph set notations are given in Figure 1.16. 
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Figure 1.16 Examples of different graph set notations. 
 1.3.3 Etter’s rules for hydrogen-bonds 
A systematic examination of the single-crystal structures of hydrogen-bonded organic 
compounds, led Etter et al. to establish three guidelines pertaining to these architectures:56,58 
1. All good hydrogen-bond donors and acceptors in a system are involved in hydrogen-
bonding.59 
2. Six-membered ring intramolecular hydrogen-bonds form in preference to intermolecular 
hydrogen-bonds. 
3. The best hydrogen-bond donor and the best hydrogen-bond acceptor remaining after 
intramolecular hydrogen-bond formation will form intermolecular hydrogen-bonds with 
each other. 
In general, the hydrogen-bond donor capabilities of a proton increase with the increasing 
acidity of the proton. Also, the intramolecular hydrogen-bond is preferred over the 
intermolecular hydrogen-bond, because it has been shown by competition studies that 
intramolecular hydrogen-bonds are more difficult to break than intermolecular hydrogen-bonds 
involving the same set of donors and acceptors. The third rule is illustrated by an examination of 
the crystal structure of the co-crystal of 4-bromophenylcyanooxime and 1-[(3-cyanophenyl)-
methyl]-5,6-dimethylbenzimidazole (1:1) (Figure 1.17),60 in which the best donor (oxime O-H 
proton) binds to the best acceptor (benzimidazole nitrogen atom). 
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Figure 1.17 Single-crystal structure of a 1:1 co-crystal of 4-bromophenylcyanooxime and 1-[(3-
cyanophenyl)-methyl]-5,6-dimethylbenzimidazole.60 
 1.3.4 Crystal structure prediction 
It is important to know the crystal structure of single and multi-component crystals for 
the purpose of understanding the role played by different intermolecular interactions in the solid-
state. Consequently, there has been much research into crystal structure prediction (CSP) in the 
past few decades, and the goal is the development of a reliable computational method for 
predicting how a molecule will crystallize in the solid-state, with only the chemical diagram and 
the crystallization conditions known.61 The main methodology used in CSP is global lattice 
energy minimization, wherein structure searching methods are used to generate the different 
possible ways of packing a molecule into a crystal, which are then ranked on the basis of their 
calculated energies.62 These structures and their corresponding energies are used to map out the 
crystal energy landscape for a given system, and the structures corresponding to the lowest 
energy values on the crystal energy landscape are assumed to be the ones that are most likely 
going to be observed experimentally. The results of such calculations have demonstrated that a 
large number of different crystal structures are possible for most molecules, and that these 
structures are usually so close in energy that relative crystal energies need to be accurate to a 
fraction of a kJ mol-1 for making a confident ranking.62  
The reliability of CSP has been evaluated by blind tests conducted periodically by the 
Cambridge Crystallographic Data Centre (CCDC). The tests were started in 1999 (CSP1999)63 
and showed only occasional success in 2001 (CSP2001)64 and 2004 (CSP2004),65 until there was 
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a significant level of success in predicting the crystal structures with small organic molecules in 
200766 (CSP2007). The latest blind test conducted by CCDC in 2010 (CSP2010)61 showed mixed 
results, and few participating groups were able to predict the crystal structure of the three small 
molecules included in the test. Also, the crystal structure prediction of salts and solvates posed a 
serious challenge to all the participating groups,61 with the highlight being the successful 
prediction of the crystal structure of a model pharmaceutical compound.62 
It has been demonstrated by these blind tests that methodologies such as dispersion-
corrected density functional theory (DFT-D) can be reliably used to predict the crystal structures 
involving small rigid organic molecules, but significant progress needs to be made in order to 
successfully predict the crystal structures of more complex systems.61 Hence, single-crystal X-
ray crystallography remains the most reliable and robust method till date for determining the 
crystal structures of compounds, thus allowing for a detailed study of the intermolecular 
interactions present in the solid-state. 
 1.3.5 Multi-component crystals – Co-crystals 
Recrystallization (coming together of like molecules in the crystal lattice - homomeric 
product) has been a reliable method of purification for centuries, and the inherent selfish nature 
of molecules is responsible for this phenomenon.67 On the other hand, co-crystallization can be 
defined as bringing together two or more different molecular species in a crystalline lattice 
without the breaking or making of covalent bonds (heteromeric product) (Figure 1.18).68 In 
general, recrystallization is greatly favored over co-crystallization, hence it is important to come 
up with reliable and robust synthetic routes towards the directed assembly of molecular co-
crystals. 
 
Figure 1.18 Recrystallization (homomeric) vs co-crystallization (heteromeric). 
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The definition of the term ‘co-crystal’ has been debated for long,69 but for all practical 
purposes, the three salient features are as follows: 
1. A structurally homogeneous crystalline compound constructed from discrete neutral 
molecular species is considered as a co-crystal,68 whereas charged species are considered 
salts. 
2. The reactants must be solids under ambient conditions. All cases where there is 
accidental inclusion of molecules or solvents in the crystal lattice (not intended initially), 
such as solvates and hydrates have been excluded. 
3. The stoichiometric amounts of all the neutral building blocks must be definite. 
Solution-based methods are usually employed in the synthesis of co-crystals, wherein the 
building blocks are dissolved in a suitable solvent (moderate to good solubility of the building 
blocks), and the solvent is evaporated under ambient conditions. More recently, solid-state 
grinding70 and melting71 have also been utilized in the synthesis of co-crystals. 
A better understanding of the intermolecular forces of interaction that are responsible for 
two or more molecules binding to one another in a crystalline lattice, and exerting a 
supramolecular control (fine-tuning electrostatics) on these forces of interaction is the way to a 
directed and predictable assembly of supramolecular architectures (binary/ternary co-crystals) 
from smaller building blocks. 
 1.3.5.1 Co-crystals based on hydrogen-bonds 
Assembly of molecular co-crystals based on hydrogen-bonds can in principle lead to 0-D, 
1-D, 2-D, and 3-D supramolecular architectures, depending upon the building blocks and the 
intermolecular interactions present in the crystal lattice. 
Some examples of 0-D hydrogen-bonded binary co-crystals include heteromeric: 
carboxylic acid:carboxylic acid dimers (1:1),72 carboxylic acid:amide dimers (1:1),73 carboxylic 
acid:pyridine dimers (1:1),74 and carboxylic acid:2-aminopyrimidine trimers (2:1),75 (Figure 
1.19). 
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Figure 1.19 A 0-D hydrogen-bonded co-crystal of benzoic acid:2-aminopyrimidine (2:1).75 
Common examples of hydrogen-bonded co-crystals containing infinite 1-D motifs are 
bipyridine:dihydroxybenzene (Figure 1.20),76 2-aminopyridine:dicarboxylic acids,77 
diols:diamines,35b and 2-aminopyrimidine:dicarboxylic acids.78 
 
Figure 1.20 An infinite 1-D chain in the hydrogen-bonded co-crystal of 4,4'-biphenol:4,4'-
bipyridine.76 
Common examples of 2-D architectures in hydrogen-bonded co-crystals include: 
piperazine:carboxylic acid (Figure 1.21),79 trithiocyanuric acid:bipyridine,80 triazine:uracil,81 and 
isonicotinamide:dicarboxylic acid.82 
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Figure 1.21 Two-dimensional tapes formed in the hydrogen-bonded co-crystal of piperazine-2,5-
dione:fumaric acid.79 
 1.3.5.2 Co-crystals based on halogen-bonds 
As explained in Section 1.2.2.3, a halogen-bond is an electrostatic interaction between the 
electron-deficient tip of a halogen atom and electronegative atoms such as N/O/S.47 Increased 
positive charge on the tip of the halogen atom (I > Br > Cl) results in stronger halogen-bonds.83 
Fluorinating the aliphatic/aromatic compounds has often been used as a tool to increase the 
halogen-bond donor strength of the halogen atoms, resulting in stronger halogen-bonds.50 
Much work has been done in the past ten years on the directed assembly of heteromeric 
molecular co-crystals based on halogen-bonds.45 Some common halogen-bond donors include 
iodo/bromo-perfluoroalkyls, iodo/bromo-perfluoroaromatics, and iodo/bromoaromatic 
compounds, whereas common halogen-bond acceptors include (but are not limited to) pyridines, 
nitriles, carbonyls and thiols.45,47,84 
Steed et al. have synthesized a halogen-bonded supramolecular gel based on the 1:1 co-
crystal of 1,1'-(butane-1,4-diyl)bis(3-pyridin-3-ylurea):2,3,5,6-tetrafluoro-1,4-di-iodobenzene 
(Figure 1.22).85 
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Figure 1.22 Two-dimensional halogen-bonded motifs formed in the 1:1 co-crystal of 1,1'-
(butane-1,4-diyl)bis(3-pyridin-3-ylurea):2,3,5,6-tetrafluoro-1,4-di-iodobenzene.85 
 1.3.5.3 Applications of co-crystals 
A common and persistent problem in the pharmaceutical industry is the bio-availability 
of active pharmaceutical ingredient (API), due to poor physicochemical properties of the API.86 
Traditionally, this problem has been tackled by crystal form modifications, such as by forming 
salts, polymorphs and hydrates.87 More recently, directed co-crystallization has been used as a 
technique for modifying the physicochemical properties of APIs.88 The potential benefits of such 
a targeted assembly include: (i) all APIs (acidic, basic, non-ionizable) can potentially be used to 
form co-crystals, (ii) most of the co-formers included in API co-crystallization are non-toxic, and 
(iii) co-crystalline architectures are often reliable and controllable, as opposed to polymorphs and 
solvates, which are often serendipitous. Thus, a directed and controlled co-crystallization of APIs 
with inexpensive and non-toxic coformers is an attractive route to modifying the 
physicochemical properties, such as solubility and stability. 
An example is meloxicam which has poor aqueous solubility, and is a non-steroidal anti-
inflammatory drug. Meloxicam has sulfonyl groups which can act as potential hydrogen-bond 
acceptors (Figure 1.23), consequently Zaworotko et al. co-crystallized it with twelve carboxylic 
acids (hydrogen-bond donors), and observed that of the twelve co-crystals, nine showed greater 
maximum meloxicam concentration, when compared to the drug by itself.89 In particular, two co-
20 
 
crystalline forms of meloxicam showed remarkable improvement in the aqueous solubility of the 
drug, and hypothetical therapeutic serum concentration was achieved. 
 
Figure 1.23 Molecular structure of meloxicam. 
 1.4 Goals 
Supramolecular chemistry is analogous to change, and for change to take effect, one 
needs effective tools of communication. For advancing this change to a predictable and directed 
assembly of architectures with useful properties, one needs to gain a handle over the various 
tools of communication, which in turn will allow us to synthesize new supramolecular 
architectures with a high degree of specificity and reliability (Figure 1.24). 
 
Figure 1.24 Design and synthesis of predictable and reliable supramolecular architectures. 
The primary goals of this thesis are centered on predictably arranging molecular building-
blocks into supermolecules through reliable and robust intermolecular interactions, wherein the 
building-blocks have been derived from versatile and ‘green’ synthetic routes. Consequently, the 
following chapters will be aimed mostly at mapping out the synthetic landscape surrounding 
these reactions and establishing a reliable hierarchy of the non-covalent interactions in the solid-
state. 
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 1.4.1 Investigating the importance of weak halogen…halogen bonds in predictably 
arranging coordination complexes in the solid-state 
Directed assembly of copper(II) coordination complexes with bi-functional ligands 
containing a metal-coordinating moiety and a halogen-bond donor will be explored for 
establishing the relevance of weaker halogen…halogen interactions with comparison to close-
packing in the solid-state (Chapter 2). We will use the acetylacetonate moiety as the metal-
coordinating ligand, in order to assemble coordination complexes in the absence of any 
counterions and solvents, for the purpose of exclusively focusing on the weaker intermolecular 
interactions. The organic backbone will also be decorated with four different substituents (CH3, 
Cl, Br, I) to test the balance between close-packing and halogen-bonding in the crystalline 
lattice. 
 1.4.2 Establishing the versatility and robustness of a ‘green’ synthetic route to 
aldehyde/ketone-oxime conversions 
A solvent-assisted mechanochemical route to aldehyde/ketone-oxime conversions will be 
explored for the oxime functional group (ubiquitous in both research laboratories and in 
industries) (Chapter 3). The limits and limitations (if any) of this synthetic procedure will be 
examined by decorating the starting materials with a  range of substituents, such as electron 
withdrawing, electron donating, structurally active functional groups, multi-functionalized, and 
aliphatic groups. The products will be characterized by infra-red spectroscopy and 1H NMR 
spectroscopy, and the reliability of these characterization techniques for identifying oximes will 
also be established. Any electronic effects affecting this transformation will also be explored. 
 1.4.3 Identifying the different ‘supramolecular synthons’ of the oxime motif 
The oxime moiety (RR'C=N-OH) has multiple hydrogen-bond acceptors and one donor, 
which gives rise to different self-complementary hydrogen-bonding motifs in the solid-state, 
such as dimers and catemers. The hierarchy and reliability of these homomeric oxime…oxime 
motifs for four major categories of oximes (R' = H, CH3, NH2, CN) will be established by 
examining the available single-crystal data in the Cambridge Structural Database (CSD), 
complemented by three new crystal structures (Chapter 4). The observed trends will be explained 
on the basis of molecular electrostatic potentials (MEPs), along with identifying and establishing 
the common supramolecular synthons for oxime…oxime interactions. 
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 1.4.4 Establishing a hierarchical assembly approach through hydrogen and halogen 
bonding 
A hierarchy must be established in order to rationally design any supramolecular 
architecture, in which multiple competing non-covalent interactions exist, such as hydrogen and 
halogen-bonds. We will employ a series of ethynylhalogenated/oxime ligands, capable of 
simultaneous and/or halogen/hydrogen-bonding, to form predictable supramolecular products 
through a combination of hydrogen and halogen-bonds (Chapter 5). We will compare the relative 
halogen-bond donor strength of the bromo and iodo substituents, along with exploring the 
relative competition between the ethynylhalogenated and oxime moieties. 
 1.4.5 Design and synthesis of a versatile metallomacrocycle 
Metallomacrocycles capable of controlling the metal-metal distance find use in anion-
binding, host-guest chemistry, etc. We will design and synthesize a dynamic and modular 
metallomacrocycle based on the 2,2'-bipyridyl backbone, capable of controlling the 
intramolecular metal-metal distance within the macrocycle cavity (Chapter 6). The macrocycle 
will be synthesized by high-dilution method and characterized by several spectroscopic 
techniques (IR, NMR, Mass, UV-Visible). Also, the macrocycle:Cu(II) stoichiometric ratio will 
be determined by Job’s continuous variation method using UV-Visible spectroscopy. 
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Chapter 2 - Halogen bonding or close packing? Examining the 
structural landscape in a series of Cu(II)-acac complexes 
 2.1 Introduction 
Interest in synthesis, characterization and properties of coordination complexes over the 
years has led to a recent spike in research on arranging these complexes into networks of precise 
topology and predictable connectivity.1 Any such research benefits the area of metal-organic 
frameworks (MOFs), which is arguably one of the most important fields in coordination 
chemistry today,2 and have been used in catalysis,3 host-guest chemistry4 and drug delivery.5 An 
important factor in advancing the area of MOFs, is the manipulation of metal-coordinating 
building blocks into predictable and distinct architectures using a range of bonds of differing 
strengths and properties. Coordinate covalent bonds have been extensively used for this 
purpose,6 whereas more recently other weaker forces of interactions such as hydrogen bonds 
have also been used to impart structure-directing properties for the assembly of MOFs.7 
However, the use of hydrogen bonds for organizing coordination complexes carries potential 
problems, due to the metal-coordinating ability of common hydrogen-bond donors/acceptors 
such as carboxylic acids and pyridines (Figure 2.1), which might hinder the predictable assembly 
of metal-coordinated architectures. 
 
Figure 2.1 (a) Hydrogen-bonded dimer in carboxylic acids; (b) Pyridine-acid O-H…N 
interactions; Carboxylic acids (c) and pyridines (d) coordinating with metals. 
Halogen bonding (XB) is electrostatic in nature and can be classified into three types;8 (i) 
the conventional halogen-bond which takes place primarily between electronegative atoms such 
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as nitrogen and oxygen (XB acceptor) atoms, and an electron deficient p-orbital of polarizable 
halogen atoms (XB donor), (ii) type I halogen-halogen bond due to the van der Waals 
interactions between two halogen atoms, and (iii) type II halogen-halogen bond based on the 
weaker interactions between the electropositive end of halogen atoms and their respective 
electronegative ends (Figure 2.2). 
 
Figure 2.2 (a) Conventional halogen-bond; (b) Type I halogen-halogen contacts; (c) Type II 
halogen-halogen contacts.8 
The use of halogen bonds for the assembly of metal-coordinated architectures is a 
feasible alternative, since they comparable strengths to other structure-directing non-covalent 
interactions,9 and they are less likely to interfere with the metal-ligand interactions which are the 
building blocks of these architectures. A few studies have focused on halogen-bonded 
supramolecular self-assembly of coordination compounds. A systematic investigation by 
Brammer et. al. on halogen-bonding in neutral metal-organic complexes showed the presence of 
directional C-X…Cl-M halogen-bonds for X = Cl, Br, I,10 whereas Goldberg et. al. utilized 
halogen-bonds to synthesize chiral porphyrins functionalized with iodophenyl and pyridyl 
groups, in which the assembly was directed by weak C-I…N(pyridine) and C-I…π halogen-
bonds.11 Jones et. al. showcased a three component modular strategy for the assembly of 
coordination complexes linked by halogen bonds to O, S and π acceptors (Figure 2.3).12 The 
resulting wheel-and-axle shaped coordination assemblies were held together by O…I/S…I 
halogen-bonds between the morpholine/thiomorpholine moiety and the iodine atom of 1,4-
diiodotetrafluorobenzene (tfib), as well as short C…I contacts between the phenyl rings of 
dibenzoylmethanate moiety and the iodine atom of tfib. These assemblies also contain additional 
tfib molecules as guests, and thus resemble a halogen-bonded analogy of metal-based inclusion 
compounds. 
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Figure 2.3 A three-component modular strategy for the assembly of halogen-bonded 
coordination complexes.12 
More recently, Resnati et. al. synthesized and characterized one-dimensional (1D) hybrid 
organic-organometallic supramolecular ribbons by co-crystallizing trans-[Pt(PCy3)2(C≡C-4-py)2] 
with tfib and trans-1,2-bis-(2,3,5,6-tetrafluoro-4-iodophenyl)-ethylene (Figure 2.4).13 N…I 
interactions are largely responsible for the formation of these 1D infinite chains with alternating 
XB donors and acceptors, where the conjugated metal-π-perfluorinated repeating unit Pt-C≡C-
py…IC6F4I is spread along the supramolecular organometallic copolymer. 
 
Figure 2.4 Synthesis of halogen-bonded infinite 1D supramolecular ribbons.13 
Despite the recent interest and extensive research on the predictable assembly of 
coordination complexes using halogen-bonds as a supramolecular tool, very little is known about 
the possibility of using the non-interfering, but weaker halogen-halogen interactions as a 
synthetic tool for the directed assembly of metal-coordinated architectures. Such a synthetic 
strategy has a possible downside because the weaker halogen-halogen contacts might not be 
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strong enough to overcome non-directional close-packing forces, and thus will not be able to 
express themselves in the crystal energy landscape. 
The study of weaker forces between coordination complexes demands the absence of 
solvent molecules and disruptive coordinated/non-coordinated counter-anions, as these 
molecules can mask the effect of the weaker forces of interaction. Thus, it is important to design 
and synthesize coordination complexes with pre-determined chemical composition, as this will 
allow us to systematically explore the effects of the weaker forces of interaction in the crystal 
lattice. For this purpose, we chose 3-phenyl-2,4-pentanedione as the coordinating ligand, since 
the acetyl acetonate (acac) moiety is known for forming neutral coordination complexes with 
various metal ions.14,15,16 The preferred metal ion was copper(II) as Cu(II)-acac complexes are 
known to preferentially form four-coordinated coordination complexes, that do not require the 
presence of any interfering solvent molecules or counter-ions in the crystal lattice.15 Whereas, 
other metal ions such as Ni(II) and Zn(II) exist in the 4 + 2 coordination environment upon 
complexation with acac moieties, in which two acac moieties are accompanied by two axial 
solvent molecules.16 Thus, the combination of the singly charged acac moiety with the copper(II) 
metal ion should lead to the desired neutral and solvent-free complexes. 
For the purpose of investigating the effects of different substituents on the structural 
outcome of the appropriate Cu(II)-acac bearing core, we decorated the ligands with a series of 
substituents with varying polarizability and halogen-bond capability (Cl, Br, I). The series also 
included 3-(4-tolyl)-2,4-pentanedione as the methyl group is non-polarizable, but it is of similar 
size as the chlorine atom. The resulting four ligands and their corresponding Cu(II) complexes 
(Figure 2.5), allow for a systematic study of the role played by weaker interactions when 
competing with non-directional close packing forces. 
 
Figure 2.5 Tetra-coordinated copper(II)-acac center. 
First, it can be assumed that the methyl and chloro substituted ligands and their 
corresponding complexes would be iso-structural due to their similar sizes, whereas the bromo 
and iodo substituted ligands could potentially offer structure-directing halogen bonds. In the case 
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of any halogen-bonding taking place in the free ligands, there are three available potential 
acceptor sites; (i) the exo lone pair on the keto oxygen atom, (ii) the lone pair on the hydroxyl 
oxygen atom, and (iii) an electronegative region on all the halogen atoms (Figure 2.6). If this 
interaction is indeed electrostatic in nature, then the best acceptor can be identified by calculating 
the molecular electrostatic potential (MEPs) for all the ligands. 
 
Figure 2.6 Possible halogen-bond acceptors in the free ligands. 
Herein, we have outlined strategy for investigating the role of the weaker halogen-
halogen interactions as a structure-directing tool in coordination architectures, when competing 
with non-directional close packing forces. We are particularly interested in: 
 Attempting to control the coordination geometry around the metal center to facilitate the 
exclusion of any counter-ions or solvent molecules for the purpose of studying the role of 
weaker halogen-halogen interactions. 
 Investigating the halogen-bonding capabilities of the halogen atoms (Cl, Br, I) in the free 
ligands and in their corresponding copper(II) complexes. 
 Comparing of the halogen-bond accepting capabilities of the acac species in the free 
ligand as well as in the coordinated complexes. 
 Categorizing the balance between the various intermolecular forces as outlined above. 
The reliability of the overall assembly process has been examined by synthesizing and 
characterizing a series of four ligands with varying substituents and their corresponding 
copper(II) complexes. 
 2.2 Experimental 
 2.2.1 Synthesis 
All chemicals, unless otherwise noted were purchased from Aldrich and used without 
further purification. The synthesis of biacetyl-trimethylphosphite adduct17 (1) and 3-(4-
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iodophenyl)-2,4-pentanedione18 (2) was carried out according to previously reported procedures. 
Melting points were determined on a Fisher-Johns melting point apparatus and are uncorrected. 
1H and 13C NMR spectra were recorded on a Varian Unity plus 400 MHz spectrometer in CDCl3. 
Infrared spectroscopy (IR) was done on a Nicolet 380 FT-IR. 
 2.2.1.1 Synthesis of 3-(4-tolyl)-2,4-pentanedione, 3 
 
4-Methylbenzaldehyde (0.5 g, 4.16 mmol) was placed in a 100 mL round bottom flask 
under a N2 atmosphere. 1 (1.14 g, 5.41 mmol) was added to the flask with continuous stirring. 
The resulting slurry was stirred for 24 h at room temperature under a N2 atmosphere. After this, 
50 mL of methanol was added and the clear solution was heated under reflux for 4 h under a N2 
atmosphere. Upon cooling the solution was concentrated via rotary evaporation to produce a 
yellow oil. The residue was dissolved in 50 mL methanol and cooled to -78˚C to yield a white 
crystalline solid, which was further washed with cold methanol. Colorless plate shaped crystals 
of 3 suitable for single-crystal X-ray diffraction were grown using slow evaporation from 
methanol at 0˚C. Yield: 0.59 g (74%); mp 70-72˚C (lit.,19 75-76˚C); 1H NMR (δH; CDCl3, 
400MHz): 1.88 (s, 6 H), 2.38 (s, 3 H), 7.05 (d, J=7.78 Hz, 2 H), 7.19 (d, J=8.32 Hz, 2 H), 16.65 
(s, 1 H); 13C NMR (δC; CDCl3, 400MHz): 191.04, 137.11, 133.79, 130.86, 129.47, 114.96, 
24.14, 21.17; IR (neat, υ/cm-1): 3025, 2918, 1594 (br), 1514, 1402 (br), 1328 (br), 813. 
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 2.2.1.2 Synthesis of 3-(4-chlorophenyl)-2,4-pentanedione, 4 
 
4-Chlorobenzaldehyde (0.5 g, 3.56 mmol) was placed in a 100 mL round bottom flask 
under a N2 atmosphere. 1 (0.97 g, 4.63 mmol) was added to the flask with continuous stirring. 
The resulting slurry was stirred for 24 h at room temperature under a N2 atmosphere. After this, 
50 mL of methanol was added and the clear solution was heated under reflux for 4 h under a N2 
atmosphere. Upon cooling the solution was concentrated via rotary evaporation to produce a 
yellow oil. The residue was dissolved in 50 mL methanol and cooled to -78˚C to yield a white 
crystalline solid, which was further washed with cold methanol. Colorless plate shaped crystals 
of 4 suitable for single-crystal X-ray diffraction were grown using slow evaporation from 
methanol at 0˚C. Yield: 0.56 g (75%); mp 80-82˚C (lit., 80-82˚C)18; 1H NMR (δH; CDCl3, 
400MHz): 16.67 (s, 1 H), 7.37 (d, J=8.6 Hz, 2 H), 7.11 (d, J=8.6 Hz, 2 H), 1.89 (s, 6 H); 13C 
NMR (δC; CDCl3, 400MHz): 190.82, 135.38, 133.61, 132.45, 129.08, 114.06, 24.12; IR (neat, 
υ/cm-1): 1568 (br), 1490, 1410 (br), 1329 (br), 1091, 994, 823. 
 2.2.1.3 Synthesis of 3-(4-bromophenyl)-2,4-pentanedione, 5 
 
4-Bromobenzaldehyde (0.5 g, 2.70 mmol) was placed in a 100 mL round bottom flask 
under a N2 atmosphere. 1 (0.74 g, 3.51 mmol) was added to the flask with continuous stirring. 
The resulting slurry was stirred for 24 h at room temperature under a N2 atmosphere. After this, 
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50 mL of methanol was added and the clear solution was heated under reflux for 4 h under a N2 
atmosphere. Upon cooling the solution was concentrated via rotary evaporation to produce a 
colorless oil. The residue was dissolved in 50 mL methanol and cooled to -78˚C to yield a white 
crystalline solid, which was further washed with cold methanol. Clear prismatic crystals of 5 
suitable for single-crystal X-ray diffraction were grown using slow evaporation from methanol at 
0˚C. Yield: 0.57 g (82%); mp 102-103˚C (lit., 102-103˚C)18; 1H NMR (δH; CDCl3, 400MHz): 
16.68 (s, 1 H), 7.52 (d, J=8.1 Hz, 2 H), 7.06 (d, J=8.1 Hz, 2 H), 1.89 (s, 6 H); 13C NMR (δC; 
CDCl3, 400MHz): 190.76, 135.86, 132.80, 132.06, 121.75, 114.08, 24.15; IR (neat, υ/cm-1): 
1577 (br), 1484, 1406 (br), 1326 (br), 1069, 994, 820. 
 2.2.2 Synthesis of coordination complexes 
 2.2.2.1 Synthesis of {bis[3-(4-tolyl)-2,4-pentanedionato] copper(II)}, 3a 
Ligand 3 (0.15 g, 0.79 mmol) was dissolved in 10.0 mL of acetonitrile and 1.6 mL of 
triethylamine was added to the mixture in a screw cap vial. To this solution was added copper(II) 
tetrafluoroborate hydrate (0.21 g, 0.79 mmol) in 10.0 mL of acetonitrile. The resulting slurry was 
mixed well and kept for slow evaporation at room temperature. Dark green crystals of 3a suitable 
for single-crystal X-ray diffraction were harvested from the vial after two days. Yield: 0.11 g 
(65%); mp 235˚C (decomp.); IR (υ/cm-1): 1562 (C=C stretch), 1417, 1365, 1334, 1316, 1007, 
918, 820. 
 2.2.2.2 Synthesis of {bis[3-(4-chlorophenyl)-2,4-pentanedionato] copper(II)}, 4a 
Ligand 4 (0.15 g, 0.71 mmol) was dissolved in 10.0 mL of acetonitrile and 1.6 mL of 
triethylamine was added to the mixture in a screw cap vial. To this solution was added copper(II) 
perchlorate (0.26 g, 0.71 mmol) in 10.0 mL acetonitrile. The resulting slurry was mixed well and 
kept for slow evaporation at room temperature. Dark green crystals of 4a suitable for single-
crystal X-ray diffraction were harvested from the vial after two days. Yield: 0.12 g (69%); mp 
260˚C (decomp.); IR (υ/cm-1): 1566 (C=C stretch), 1414, 1368, 1320, 1008, 917, 825. 
 2.2.2.3 Synthesis of {bis[3-(4-bromophenyl)-2,4-pentanedionato] copper(II)}, 5a 
Ligand 5 (0.15 g, 0.59 mmol) was dissolved in 10.0 mL of acetonitrile and 1.6 mL of 
triethylamine was added to the mixture in a screw cap vial. To this solution was added copper(II) 
tetrafluoroborate hydrate (0.15 g, 0.59 mmol) in 10.0 mL of acetonitrile. The resulting slurry was 
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mixed well and kept for slow evaporation at room temperature. Dark green crystals of 5a suitable 
for single-crystal X-ray diffraction were harvested from the vial after two days. Yield: 0.13 g 
(76%); mp 280˚C (decomp.); IR (υ/cm-1): 1563 (C=C stretch), 1416, 1368, 1318, 1005, 979, 917, 
822. 
 2.2.2.4 Synthesis of {bis[3-(4-iodophenyl)-2,4-pentanedionato] copper(II)}, 2a 
Ligand 2 (0.15 g, 0.5 mmol) was dissolved in 10.0 mL of acetonitrile and 1.6 mL of 
triethylamine was added to the mixture in a screw cap vial. To this solution was added copper(II) 
nitrate trihydrate (0.12 g, 0.5 mmol) in 10.0 mL of acetonitrile. The resulting slurry was mixed 
well and kept for slow evaporation at room temperature. Dark green crystals of 2a suitable for 
single-crystal X-ray diffraction were harvested from the vial after two days. Yield: 0.10 g (59%); 
mp 275˚C (decomp.); IR (υ/cm-1): 1571 (C=C stretch), 1420, 1371, 1338, 1313, 1004, 974, 920, 
819. 
 2.2.3 Molecular electrostatic potential charge calculations 
Charge calculations were performed on ligands 2, 4 and 5 using Spartan’04 
(Wavefunction, Inc. Irvine, CA). All three molecules were geometry optimized using PM3, with 
the maxima and minima in the electrostatic potential surface (0.002 e au-1 iso-surface) 
determined using a positive point charge in the vacuum as a probe. 
 2.3 Results 
We have structurally characterized three ligands, i.e. 3, 4 and 5, as well as four 
coordination complexes, i.e. 3a, 4a, 5a and 2a, using single-crystal X-ray diffraction. The single-
crystal structure of 2 has been previously reported.18 Table 2.1 lists the IR stretches for the C=O 
bond of the acac moiety in the ligands 3, 4, 5 and 2, and the C=C stretch of the acac moiety in 
the corresponding coordination complexes, i.e. 3a, 4a, 5a and 2a. Detailed hydrogen-bond 
geometries for the ligands 3, 4, 5 and 2 are listed in Table 2.2. 
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Table 2.1 IR stretches for the C=O bonds in the acac ligands and C=C stretch for the 
corresponding coordination complexes. 
Ligand C=O stretch (cm-1) Coordination complex C=C stretch (cm-1) 
3 1594 (br) 3a 1562 
4 1568 (br) 4a 1566 
5 1577 (br) 5a 1563 
2 1574 (br) 2a 1571 
Table 2.2 Hydrogen-bond geometries for 3, 4, 5 and 2 
Ligand D-H...A d(D-H)/Å d(H...A)/Å d(D...A)/Å Angle(D-H...A)/º 
3i O(12)-H(12)...O(14) 1.19(2) 1.33(2) 2.452(2) 153(2) 
4ii O(12)-H(12)...O(14) 0.97(2) 1.53(2) 2.447(2) 157(2) 
5ii O(12)-H(12)...O(14) 0.78(3) 1.76(3) 2.451(2) 147(3) 
2ii, 18 O(12)-H(12)...O(14) 0.91(3) 1.60(3) 2.459(2) 156(3) 
Symmetry code: (i) x, -y+1/2, z; (ii) #1 x-1/2, y, -z+1/2; #2 x+1/2, y, -z+1/2; #3 x, -y+1/2, z 
 2.3.1 Structural characterization of the ligands 
 2.3.1.1 Crystal structure of 3 
The crystal structure determination of 3 shows that it exists as the keto-enol tautomer and 
displays the expected intramolecular O-H…O hydrogen bond (Table 2.2). There is no evidence of 
any structure-directing intermolecular interactions, because the methyl group does not take part 
in any form of electrostatic interactions. Hence the structure is close-packed, wherein 
neighboring rows of molecules are arranged in an anti-parallel fashion (Figure 2.7). 
 
Figure 2.7 Close packing in the crystal structure of 3. 
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 2.3.1.2 Crystal structure of 4, 5 and 2 
The crystal structure analysis of 4, 5 and 218 revealed two interesting features. First, there 
is an expected intramolecular hydrogen-bond between the endo lone pair of the keto oxygen 
atom and the hydroxyl group on the acac moiety (Table 2.2). Second, they all display an 
intermolecular halogen-bond between the halogen atoms (chlorine/bromine/iodine) and the exo 
lone pair of the keto oxygen atom of an adjacent molecule, which extends the individual 
molecules into an infinite 1D chain (Figure 2.8). An average C=O…X bond angle of 120º and 
O…X bond length of 3.2 Å indicates that this is an electrostatically driven interaction (Table 2.3). 
The increased polarizability of iodine when compared to chlorine/bromine results in a shorter 
C=O…I contact in 2. 
 
Figure 2.8 Section of the crystal structure of 4 (a), 5 (b) and 218 (c) displaying the intramolecular 
hydrogen-bond and the intermolecular halogen-bond. 
Table 2.3 Halogen-bond geometric parameters for 4, 5 and 2 
Ligand C=O...X d(O…X)/Å Angle(C=O...X)/º 
4 C(14)-O(14)…Cl(1) 3.223(1) 119.58(9) 
5 C(14)-O(14) …Br(1) 3.216(1) 120.5(1) 
218 C(14)-O(14) …I(1) 3.267(1) 122.4(1) 
X = Cl/Br/I; Symmetry code: x+1/2, y, -z+1/2 
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 2.3.2 Structural characterization of the coordination complexes 
 2.3.2.1 Crystal structure of 3a, 4a and 5a 
The crystal structure determination of 3a, 4a and 5a, shows that the tetra-coordinated 
copper ion is chelated by two acetyl-acetonate groups, and sits in a distorted square planar 
geometry (Figure 2.9). The substituents (methyl/chloro/bromo) on adjacent molecules are 
observed to be in a head to head arrangement, and there are no striking structure-directing 
intermolecular interactions present in the crystal structures, thus giving rise to a close-packed 
architecture for 3a, 4a and 5a. 
 
Figure 2.9 Head to head close-packed arrangement in the crystal structure of 3a (a), 4a (b) and 
5a (c). 
 2.3.2.2 Crystal structure of 2a 
The crystal structure analysis of 2a, shows a different arrangement when compared to the 
packing in 3a, 4a and 5a. Even though the copper ion is still bis-chelated in a distorted square-
planar pocket, there is an absence of short I…I contacts in the lattice. Consequently, the iodine 
atoms on adjacent molecules are not aligned in a head to head fashion, and instead the molecules 
appear to be forming an infinite zig-zag pattern (Figure 2.10). This kind of packing can be 
attributed to non-directional close-packing. 
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Figure 2.10 Infinite zig-zag pattern in the crystal structure of 2a. 
 2.4 Discussion 
 2.4.1 Characterization by 1H NMR spectroscopy 
The acetyl acetonate moiety can exist in two tautomeric forms, i.e. the keto-enol or the 
diketo form, both of which are clearly distinguishable by 1H NMR spectroscopy (Figure 2.11). A 
peak at about 16.0 ppm in the 1H NMR spectrum is characteristic of the highly deshielded (due 
to intramolecular hydrogen bonding) hydroxyl hydrogen atom of the keto-enol tautomer, 
whereas the upfield shifted (absence of intramolecular hydrogen-bonds) methenyl hydrogen 
atom of the diketo tautomer shows up around 4.0 ppm. 
 
Figure 2.11 Two tautomeric forms of acetyl acetonates. 
In the case of 3, 4, 5 and 2, an examination of the 1H NMR spectra reveals a distinct peak 
at about 16.0 ppm, which shows that all the ligands exist as the keto-enol tautomer (Figure 2.12). 
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Figure 2.12 1H NMR spectrum of 4. 
 2.4.2 Characterization by IR spectroscopy 
IR is an effective tool for the characterization of the acac ligands and their corresponding 
copper complexes. A salient feature in the IR spectra of the ligands is the intense broad 
continuum observed in the 1650-1150 cm-1 region, which can be attributed to the ligand in the 
keto-enol form (Figure 2.13). This is consistent with what has been observed in literature for 3-
substituted β-diketonate derivatives.20 There is a dramatic change in the IR spectrum upon 
complexation with copper(II), as the broad continuum is replaced by a well-defined region, with 
significant shifts being observed for the C=O and the C=C stretches. In accordance with existing 
literature data on the IR stretches of metal-acac complexes,21 we can assign the peak at 1565 cm-
1 to the C=C stretch of the complexed ligand. 
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Figure 2.13 IR spectrum of 5 before (left) and after (right) complexation with copper(II) ion. 
 2.4.3 Comparison of the crystal structures of the ligands 
 2.4.3.1 Close packing in 3 
The crystal structure of 3 is different from the other ligands as the methyl group is a 
spectator substituent, and thus there is an absence of point-to-point electrostatic stabilization in 
the lattice. This observation can be rationalized on the basis of dipole moments, wherein the 
molecules on adjacent rows are arranged in an anti-parallel manner to maximize dipole-dipole 
attraction. A similar anti-parallel arrangement is also seen in the case of 3-(4-cyanophenyl)-2,4-
pentanedione,15 where one molecule is sandwiched between two molecules to facilitate the 
dipole-dipole attraction (Figure 2.14). 
 
Figure 2.14 Anti-parallel close packing arrangement in the crystal structure of 3 (a), and 3-(4-
cyanophenyl)-2,4-pentanedione (b).15 
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 2.4.3.2 Isostructural halogen-bonded architecture in 4, 5 and 2 
 2.4.3.2.1 Iso-stucturality 
There are two common features between the isostructural ligands 4, 5 and 218 (Table 2.4). 
First, they all exhibit the expected (for β–diketonate derivatives) intramolecular hydrogen-bond 
between the keto oxygen atom and the hydroxyl proton, and the corresponding geometric 
parameters (Table 2.2) are consistent with reported distances for C=O and C-OH bond lengths at 
1.27 Å and 1.32 Å, respectively. Second, there is an intermolecular halogen-bond between the 
exo lone pair of the keto oxygen atom and the respective halogen atoms of the ligands, which 
extends the molecules into an infinite 1D chain. Iso-structurality in chloro, bromo and iodo 
bearing compounds has already been attributed to the structural equivalence of these 
substituents.22 
Table 2.4 Unit cell parameters of 4, 5 and 2. 
Ligand 4 5 2 
Crystal system Orthorhombic Orthorhombic Orthorhombic 
Space group, Z Pnma, 4 Pnma, 4 Pnma, 4 
a, Å 20.2258(14) 20.4766(18) 21.0708(12) 
b, Å 6.7622(5) 6.8070(6) 6.9034(4) 
c, Å 7.3688(5) 7.3506(6) 7.3624(4) 
α, (º) 90.00 90.00 90.00 
β, (º) 90.00 90.00 90.00 
γ, (º) 90.00 90.00 90.00 
V, Å3 1007.84(12) 1024.56(15) 1070.94(10) 
 
 2.4.3.2.2 Halogen-bonds 
There are three potential halogen-bond acceptors (keto oxygen atom, hydroxyl oxygen 
atom, and the electronegative regions of each halogen atom) in 4, 5 and 218 (Figure 2.15), but 
still the halogen-bond donors (electropositive tip of each halogen atom) consistently halogen-
bond with the keto oxygen atom. Halogen bonds, like hydrogen bonds, are primarily electrostatic 
in nature,8 and this observation can be explained on the basis of semi-empirical PM3 electrostatic 
potential charge calculations (Table 2.5). 
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Figure 2.15 Halogen-bond acceptors and donor in 4, 5 and 2. 
Table 2.5 Molecular electrostatic potentials (MEPs) for 4, 5 and 2. 
Ligand C=O 
(MEP in kJ mol-1) 
O-H 
(MEP in kJ mol-1) 
X 
(MEP in kJ mol-1) 
4 -245 -178 +44 (Cl) 
5 -251 -177 +88 (Br) 
2 -253 -178 +115 (I) 
 
The highest negative surface potential value for the exo lone pair on the keto oxygen 
atom makes it the most electronegative atom in 4, 5 and 2, and thus it is expected that the 
halogen bonding should occur between the keto oxygen atom and the respective halogen atoms, 
which is observed for all the ligands. Also, iodine is the most polarizable atom when compared 
to bromine and chlorine, and thus the magnitude of charge decreases in the order I > Br > Cl. 
This would affect the intermolecular halogen-bond strength, and should be reflected in the 
observed O…X bond distance (Table 2.3). Despite the fact that iodine has a larger van der Waals 
radius, the O…I intermolecular distance is comparable to O…Br and O…Cl bond distances. This 
observation, coupled with the approach of the halogen atom along the direction of the lone pair 
on the oxygen atom, underscores the electrostatic nature of these interactions. 
 2.4.4 Controlling the Cu(II) coordination geometry 
The observed coordination geometry of the copper(II) ion in all the complexes, i.e. 3a, 
4a, 5a and 2a is identical, as they all contain a four-coordinate Cu(II) that sits in a slightly 
distorted square planar pocket. The absence of any counter-ions or solvents in the crystal lattice 
facilitates the study of the weaker non-covalent forces of interaction, and hence justifies the 
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choice of the acac moiety as the coordinating ligand and Cu(II) as the metal atom for our study. 
Four-coordinate acetyl acetonate based copper(II) complexes are well known, as revealed by a 
CSD (Cambridge Structural Database) search on the Cu(II)-acac moiety. Of the 20 hits, 8 had 
copper(II) atom sitting in a slightly distorted square planar pocket, whereas the remaining 12 
existed in a square planar geometry. 
2.4.5 Comparison of the crystal structures of the coordination complexes 
 2.4.5.1 Close-packed architecture in 3a, 4a and 5a 
 2.4.5.1.1 Structural equivalence in 3a and 4a 
The copper(II) ion in the isostructural crystal structures of 3a and 4a sits in a distorted 
square planar pocket and is four-coordinate. The methyl and chloro substituents sit in a face-to-
face arrangement, and the overall structure is close-packed (Figure 2.16). The observed 
similarity in the crystal structures of 3a and 4a is due to the structural equivalence of the methyl 
and chloro substituents (respective volumes 23.5 Å and 19.9 Å), which is well known, and has 
been used to construct isostructural solids in crystal engineering.22 
 
Figure 2.16 Head-to-head close-packed arrangement in 3a (a) and 4a (b). 
 2.4.5.1.2 Crystal structure of 5a 
The crystal structure of 5a has a greater probability of displaying stabilizing halogen 
bonds, because the bromine atom has a higher polarizability than the chlorine atom. Despite this, 
no such interactions are observed. The four-coordinate copper ion sits in the distorted square 
planar pocket, and the overall assembly is isostructural to 3a and 4a (Figure 2.17). The decreased 
electronegativity of the acac oxygen atoms (no longer a competitive XB acceptor) upon 
complexing with the electron-withdrawing metal center is responsible for the lack of stabilizing 
O…Br halogen-bonds in 5a, which was observed in the free ligand 5. Furthermore, a potential 
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Br…Br attraction is not strong enough to overcome the favored head-to-head close-packed 
arrangement in 5a. 
 
Figure 2.17 Head-to-head close-packed arrangement in 5a. 
 2.4.5.1.3 Head-to-head motif in 3a, 4a and 5a 
The close-packed coordination complexes 3a, 4a and 5a, display a common motif in 
which the substituents (CH3, Cl and Br, respectively) sit in a head-to-head fashion. This kind of 
close-packing of such substituents is not uncommon, as revealed by a CSD search for non-
solvated, single-component organic/organometallic compounds that display a similar motif in 
their crystal structures (Table 2.6). 
Table 2.6 Number of structures with head-to-head motifs 
Substituent Number of structures with head-to-head motifs 
CH3 3784 
Cl 128 
Br 49 
 2.4.5.2 Crystal structure of 2a 
The crystal structure of 2a is remarkably different from the other members of this series 
(3a, 4a and 5a). The highly polarizable iodine atom is the strongest halogen-bond donor in this 
series, but despite this, there are no structure-stabilizing halogen-bonds present in the crystal 
lattice, which can be explained by looking at the available halogen-bond acceptors in the 
complexed ligand. Due to the electron-withdrawing effect of the metal ion on the acac oxygen 
atoms, they are no longer an attractive alternative for halogen bonding, and thus no stabilizing 
O…I interactions are found (as seen in the free ligand). Weaker I…I interactions are also absent in 
the crystal lattice, as they cannot compete with the non-directional close-packing forces. But, we 
no longer see a head-to-head close packing arrangement in 2a, as seen in 3a, 4a and 5a, because 
the increased positive charge on the tip of iodine makes this arrangement highly unfavorable due 
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to electrostatic repulsion between the iodine atoms on adjacent molecules. Consequently, the 
structure of 2a is still close-packed, but displays a zig-zag pattern, so as to minimize the 
electrostatic repulsions in the lattice (Figure 2.18). 
 
Figure 2.18 Zig-zag close-packed architecture in 2a. 
 2.4.6 Halogen-bond vs close packing 
Despite the fact that the same halogen-bond donors (Cl, Br, I) are present in both the free 
ligands and the copper(II)-complexes, any form of structure-stabilizing halogen-bonds in 3a, 4a 
and 5a are clearly absent, due to the lack of a suitable halogen-bond acceptor in the metal-
complexes (due to the electron-withdrawing nature of the metal atom). This means that the 
structure-directing halogen-bonds are no longer able to rise above the close-packing ‘noise’ in 
the crystal lattice, and thus all the copper(II)-complexes of our series are dominated by non-
directional close packing forces. 
 2.4.7 Halogen-bond vs hydrogen-bond 
It would be interesting to observe the behavior of halogen-bonds when compared to 
hydrogen-bonds, since they are known to be similar in strength. For this purpose, an examination 
of the crystal structure of 4-iodobenzoic acid23 is in order, as the hydrogen-bonded acid-acid 
dimer resembles a four-coordinate copper(II)-acac moiety, but is weaker in strength to the 
coordinate-covalent bonds in the metal-complex, and thus allows for a fair comparison of the 
actual structure-directing capabilities of the halogen-bond (Figure 2.19). 
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Figure 2.19 Hydrogen-bonded dimers and halogen-bonded chains in 4-iodobenzoic acid.23 
There are two interesting features in the crystal structure of 4-iodobenzoic acid. First, as 
expected the carboxyl group is forming a dimer via two identical C=O…H-O hydrogen-bonds. 
Second, the iodine atom forms a bifurcated halogen-bond with two iodine atoms on adjacent 
molecules, by simultaneously acting as a halogen-bond donor (via the electropositive tip) and a 
halogen-bond acceptor (via the electronegative region on the halogen atom). This shows that in a 
more evenly contested system, halogen-bonds are more likely to play significant structure-
directing roles. 
 2.5 Conclusions 
We have synthesized a series of acetyl acetonate (acac) based ligands (with four different 
substituents, i.e. CH3, Cl, Br and I) and their corresponding Cu(II) complexes, with an aim to 
constructing a system with a predictable chemical composition and a controllable coordination 
geometry, that will in turn allow us to examine the fine balance between weak intermolecular 
interactions in the solid-state.18 The resulting non-solvated four-coordinate Cu(II)-acac 
complexes offer a platform for studying the direct connections between covalent modifications 
and the resulting structural consequences. The chloro/bromo/iodo substituted free ligands display 
structure-directing intermolecular interactions via C=O…X halogen-bonds, and the halogen-bond 
donor picks out the best halogen-bond acceptor in each case (based on MEPs). This observation 
coupled with the geometric parameters for the C=O…X interactions underscores the electrostatic 
nature of these interactions. Though the halogen-bond donors remain the same in the Cu(II)-acac 
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complexes, any form of structure-directing halogen-bonds are clearly absent due to a lack of 
suitable acceptors (electron-withdrawing effect of the metal atom on the acac moiety), and the 
inability of the weaker X…X interactions to express themselves in the crystal lattice. In such a 
scenario, all the metal-complexes are governed by non-directional close packing forces. 
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Chapter 3 - A versatile and green mechanochemical route for 
aldehyde/ketone-oxime conversions 
 3.1 Introduction 
 3.1.1 Green chemistry 
‘Green chemistry’ is an area of research that has received considerable attention in recent 
years.1 As the name suggests, it is chemistry by a greener route or by environmentally less 
stressful means, and can be achieved by utilizing non-toxic components, reducing waste 
production or improving efficiency. For any chemical process to be green in nature, it is to 
adhere to most of the “twelve principles” of green chemistry (Figure 3.1).2 
 
Figure 3.1 Twelve principles of green chemistry.2 
 3.1.2 Mechanochemistry 
Traditionally, most chemical syntheses are both expensive and environmentally pollutive, 
as they involve excessive use of organic solvents, long reaction times, high temperatures, and 
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cumbersome methods of product separation and purification. Thus, there is a need for better and 
greener alternatives. A solid-state based mechanochemical process,3 which is usually carried out 
in the absence of, or with minimal use of, solvents, may be a feasible alternative, as it adheres to 
most of the principles of green chemistry. Typically, these simple processes involve ball-milling4 
or grinding,5 and represent attractive options in covalent synthesis and supramolecular chemistry, 
as is showcased by their ubiquitous influence in many industries, such as pharmaceutical, 
chemical and metallurgical industries. Friščić et. al. have not only demonstrated the synthesis of 
several metal-organic frameworks by mechanochemical means,6 but also real-time monitoring of 
the reaction profiles,6 the formation of intermediates, and interconversion of framework 
topologies (Figure 3.2).6 
 
Figure 3.2 Mechanochemical synthesis of metal-organic frameworks.6 
 3.1.3 Oximes 
Oximes form an important class of organic compounds having the general formula 
RR'C=N-OH (Figure 3.3). 
 
Figure 3.3 Different types of oximes. 
Aldoximes (R' = H) and ketoximes (R' = CH3) are the two most common types of 
oximes, that find use in synthetic organic chemistry, where they are employed for the protection, 
purification7 and characterization of aldehydes and ketones.8 They also are important precursors 
to functional groups such as nitriles,9 amines,10 nitro compounds11 and amides (Figure 3.4).12 
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They are also used in the pharmaceutical industry as organic medicinal agents for the treatment 
of organophosphate poisoning,13 and in the paints/lacquers industry as anti-skinning agents.14 
 
Figure 3.4 Synthesis of nitriles (a) and amines (b) from oximes. 
Furthermore, upon deprotonation they can act as strongly coordinating ligands in metal-
coordination chemistry,15 whereas in supramolecular chemistry they have been known to offer 
structure-directing capabilities by virtue of being strong hydrogen-bond donors as well as being 
self-complementary synthons (Figure 3.5).16 
 
Figure 3.5 (a) Coordination of oximes with metals; (b) Oximes as hydrogen-bond donors; (c) 
Self-complementary hydrogen-bonded dimers in oximes. 
The traditional synthesis of aldoximes and ketoximes involves refluxing an 
aqueous/alcoholic solution of the corresponding aldehyde or ketone with hydroxylamine 
hydrochloride and base, followed by solvent-extraction to obtain the pure product.8 The 
excessive use of organic solvents, long reaction times, high temperatures, and extensive work-up 
procedures, make this solution-based synthetic method environmentally stressful and expensive. 
Thus, there is a need for better and cheaper alternatives, of which a greener mechanochemical 
path may be a feasible option. 
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Some advances have been made in the synthesis of aldoximes/ketoximes from the 
corresponding aldehydes/ketones; for example in the presence of catalysts (BF3.OEt2,
17 basic 
Al2O3,
18 CaO)19 in conjunction with microwave irradiation, or by ball-milling at elevated 
temperatures (Figure 3.6).20 Also, nanostructured pyrophosphates have been used as catalysts 
under solvent-free conditions at high temperatures to achieve high yielding aldehyde/ketone-
oxime conversions.21 Finally, a study of several carbonyl-oxime conversions via a simple 
grinding method has been reported,22 but a more systematic investigation into the versatility of a 
greener and facile solvent-assisted mechanochemical route to aldehyde/ketone-oxime 
conversions has not yet been presented. 
 
Figure 3.6 Synthesis of oximes by ball-milling at elevated temperatures (a), and by using 
nanostructured pyrophosphates as catalysts (b). 
Herein, we have synthesized 15 aldoximes and 20 ketoximes decorated with a range of 
substituents, via solvent-assisted mechanochemical grinding of the corresponding aldehydes and 
ketones with hydroxylamine hydrochloride and sodium hydroxide (Figure 3.7). The products 
have been isolated by a simple aqueous washing procedure to remove of any inorganic salts. The 
minimal use of solvents, short reaction times (5 - 10 minutes), ambient conditions, and simple 
work-up procedures, make this synthetic strategy a greener route to aldehyde/ketone-oximes. 
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Figure 3.7 One-pot mechanochemical conversion of aldehydes and ketones to oximes. 
In this chapter, we are particularly interested in: 
 Establishing the versatility and robustness of this mechanochemical route by determining 
the limits and limitations (if any) of this synthetic strategy. 
 Examining the relative reactivity of aldehyde-oxime versus ketone-oxime conversions. 
 Investigating the possible electronic effects involved in such transformations. 
 3.2 Experimental 
 3.2.1 Synthesis 
All the chemicals were purchased from Aldrich and used without further purification, 
unless otherwise noted. The synthesis of 4-iodobenzaldehyde was carried out according to the 
published procedure.23 Melting points were determined on a Fisher-Johns melting point 
apparatus and are uncorrected. 1H and 13C NMR spectra were recorded on a Varian Unity plus 
400 MHz spectrometer in CDCl3 or d6-DMSO. Infrared spectroscopy (IR) was done on a Nicolet 
380 FT-IR. 
 3.2.1.1 Synthesis of 4-((trimethylsilyl)ethynyl)benzaldehyde, 6 
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A mixture of 4-iodobenzaldehyde (9.0 g, 38.79 mmol), copper(I) iodide (0.178 g, 0.93 
mmol), and bis(triphenylphosphine)palladium(II) dichloride (0.327 g, 0.47 mmol) were added to 
a round bottom flask. 120 mL of triethylamine was also added and the resulting mixture was 
degassed on a Schlenk line. Trimethylsilylacetylene (6.6 mL, 46.55 mmol) was then added to the 
mixture, and it was stirred overnight at room temperature under a dinitrogen atmosphere. The 
reaction was monitored by TLC, and upon completion the solvent was removed under vacuum. 
The brown residue was then dissolved in chloroform (80 mL), washed with water (3 x 80 mL), 
and then washed with saturated aqueous sodium chloride (1 x 50 mL). The organic layer was 
separated and dried over magnesium sulfate. The solvent was removed on a rotary evaporator 
and the residue chromatographed on silica with hexane/ethyl acetate (9 : 1) mixture as the eluent. 
The product was isolated as a dark yellow solid. Yield: 6.53 g (83%); mp 61-63˚C (lit., 66˚C)24; 
1H NMR (δH; CDCl3, 400MHz): 0.28 (s, 9 H), 7.61 (d, J=8.20 Hz, 2 H), 7.83 (d, J=8.20 Hz, 2 
H), 10.01 (s, 1 H). 
 3.2.1.2 Synthesis of 4-ethynylbenzaldehyde, 7 
 
A mixture of 6 (4.0 g, 19.77 mmol) and potassium carbonate (4.1g, 29.66 mmol) were 
stirred in methanol (60 mL) at room temperature for 2 hours. The solvent was then removed 
under vacuum, and the residue was dissolved in ethyl acetate (50 mL), and washed with water (4 
x 50 mL). The organic layer was separated and dried over magnesium sulfate. The solvent was 
removed on a rotary evaporator and the product was isolated as a yellow solid. Yield: 2.51 g 
(97%); mp 84-86˚C (lit., 87˚C)25; 1H NMR (δH; CDCl3, 400MHz): 3.30 (s, 1 H), 7.66 (d, J=8.20 
Hz, 2 H), 7.86 (d, J=8.20 Hz, 2 H), 10.03 (s, 1 H). 
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 3.2.1.3 Synthesis of 4-(bromoethynyl)benzaldehyde, 8 
 
To a stirred solution of 7 (1.6 g, 12.29 mmol) in acetone (300 mL) was added 0.21 g of 
silver(I) nitrate (1.23 mmol). The mixture was stirred for 30 minutes, then N-bromosuccinimide 
(5.47 g, 30.74 mmol) was added. The mixture was protected from light and stirred for 3 days. 
Upon completion of the reaction, acetone was evaporated under vacuum and the solid mixture 
was chromatographed over a short pad of silica gel with hexane as the eluent and the product 
was isolated as a yellow solid. Yield: 2.26 g (88%); mp 96-98˚C; 1H NMR (δH; CDCl3, 
400MHz):26 7.60 (d, J=8.06 Hz, 2 H), 7.84 (d, J=8.06 Hz, 2 H), 10.01 (s, 1 H). 
 3.2.2 General synthesis of oximes 
In a mortar, 1.0 mmole of aldehyde/ketone and 1.2 mmoles (per aldehyde/ketone present) 
of hydroxylamine hydrochloride is ground together with a pestle. Then, 1.2 mmoles (per 
aldehyde/ketone present) of crushed sodium hydroxide is added and the mixture is ground 
further with the addition of 0.1-0.2 mL methanol, for 2 minutes at room temperature. The 
reaction mixture is left for 5 minutes, after which it is ground for another 2 minutes with 0.1-0.2 
mL methanol. At this stage the reaction is examined by TLC. Upon completion of the reaction, a 
1H NMR spectrum of the crude mixture is taken in d6-DMSO to confirm the formation of oxime. 
The crude mixture is washed with water to get rid of any inorganic salts and it is air dried, after 
which the melting point is taken to establish purity of product. 
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 3.2.2.1 Aldoximes 
 3.2.2.1.1 Pentafluorobenzaldehyde oxime, 9 
 
Yield: 78%; mp 128-132˚C (lit., 133˚C)27; 1H NMR (δH; DMSO-d6, 400MHz): 8.14 (s, 1 
H), 12.27 (br. s., 1 H). 
 3.2.2.1.2 4-Bromo-2,3,5,6-tetrafluorobenzaldehyde oxime, 10 
 
Yield: 80%; mp 138-140˚C dec (lit., 138˚C dec)27; 1H NMR (δH; DMSO-d6, 400MHz): 
8.16 (s, 1 H), 12.33 (s, 1 H). 
 3.2.2.1.3 4-Iodo-2,3,5,6-tetrafluorobenzaldehyde oxime, 11 
 
Yield: 87%; mp 165-169˚C (lit., 165-169˚C)28; 1H NMR (δH; DMSO-d6, 400MHz): 8.15 
(s, 1 H), 12.26 (s, 1 H). 
 3.2.2.1.4 4-(Bromoethynyl)benzaldehyde oxime, 12 
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Yield: 85%; mp 119-121˚C (lit., 119-121˚C)28; 1H NMR (δH; DMSO-d6, 400MHz): 7.49 
(d, J=7.50 Hz, 2 H), 7.59 (d, J=7.79 Hz, 2 H), 8.15 (s, 1 H), 11.41 (br. s., 1 H); 13C NMR (δc; 
DMSO-d6, 400MHz): 54.20, 79.55, 122.40, 126.52, 132.13, 133.58, 147.47. 
 3.2.2.1.5 4-Iodobenzaldehyde oxime, 13 
 
Yield: 61%; mp 101-103˚C (lit., 101-103˚C)28; 1H NMR (δH; DMSO-d6, 400MHz): 7.38 
(d, J=8.33 Hz, 2 H), 7.76 (d, J=8.06 Hz, 2 H), 8.10 (s, 1 H), 11.34 (s, 1 H). 
 3.2.2.1.6 3-Iodobenzaldehyde oxime, 14 
 
Yield: 59%; mp 66-68˚C (lit., 66-68˚C)28; 1H NMR (δH; DMSO-d6, 400MHz): 7.20 (t, 
J=7.79 Hz, 1 H), 7.61 (d, J=7.79 Hz, 1 H), 7.73 (d, J=7.79 Hz, 1 H), 7.94 (s, 1 H), 8.10 (s, 1 H), 
11.41 (br. s., 1 H). 
 3.2.2.1.7 4-Cyanobenzaldehyde oxime, 15 
 
Yield: 76%; mp 175-177˚C (lit., 174˚C)29; 1H NMR (δH; DMSO-d6, 400MHz): 7.74 - 
7.80 (m, 2 H), 7.83 - 7.88 (m, 2 H), 8.23 (s, 1 H), 11.73 (br. s., 1 H). 
 3.2.2.1.8 3,5-Dimethoxybenzaldehyde oxime, 16 
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Yield: 89%; mp 112-114˚C (lit., 117˚C)30; 1H NMR (δH; DMSO-d6, 400MHz): 3.34 (s, 6 
H), 6.50 (br. s., 1 H), 6.75 (d, J=1.61 Hz, 2 H), 8.05 (s, 1 H), 11.24 (br. s., 1 H). 
 3.2.2.1.9 4-Carboxybenzaldehyde oxime, 17 
 
Yield: 67%; mp 212-216˚C (lit., 218˚C)31; 1H NMR (δH; DMSO-d6, 400MHz): 7.70 (d, 
J=8.59 Hz, 2 H), 7.95 (d, J=8.20 Hz, 2 H), 8.21 (s, 1 H), 11.53 (s, 1 H), 13.04 (br. s., 1 H). 
 3.2.2.1.10 3-Hydroxybenzaldehyde oxime, 18 
 
Yield: 62%; mp 83-90˚C (lit., 87-88˚C)32; 1H NMR (δH; DMSO-d6, 400MHz): 6.67 - 
6.76 (m, 1 H), 6.85 (d, J=7.42 Hz, 1 H), 6.95 (br. s., 1 H), 7.10 (t, J=7.81 Hz, 1 H), 7.98 (s, 1 H). 
 3.2.2.1.11 2-Hydroxybenzaldehyde oxime, 19 
 
Yield: 71%; mp 110-116˚C (lit., 117˚C)33; 1H NMR (δH; DMSO-d6, 400MHz): 6.79 - 
6.92 (m, 2 H), 7.17 - 7.26 (m, 1 H), 7.47 (d, J=7.52 Hz, 1 H), 8.32 (s, 1 H), 10.12 (br. s., 1 H), 
11.25 (br. s., 1 H). 
 3.2.2.1.12 5-Bromo-2-hydroxybenzaldehyde oxime, 20 
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Yield: 83%; mp 112-114˚C (lit., 112-114˚C)28; 1H NMR (δH; DMSO-d6, 400MHz): 6.87 
(d, J=8.60 Hz, 1 H), 7.32 (dd, J=8.73, 2.28 Hz, 1 H), 7.61 (d, J=2.42 Hz, 1 H), 8.26 (s, 1 H), 
11.21 (br. s., 2 H). 
 3.2.2.1.13 5-Iodo-2-hydroxybenzaldehyde oxime, 21 
 
Yield: 76%; mp 124-126˚C (lit., 124-126˚C)28; 1H NMR (δH; DMSO-d6, 400MHz): 6.74 
(d, J=8.60 Hz, 1 H), 7.45 (d, J=8.60 Hz, 1 H), 7.77 (s, 1 H), 8.23 (s, 1 H), 11.14 (br. s., 2 H). 
 3.2.2.1.14 4-Pyridinecarboxaldehyde oxime, 22 
 
Yield: 83%; mp 130-132˚C (lit., 132˚C)34; 1H NMR (δH; DMSO-d6, 400MHz): 7.54 (d, 
J=1.00 Hz, 2 H), 8.18 (s, 1 H), 8.59 (d, J=1.00 Hz, 2 H), 11.83 (br. s., 1 H). 
 3.2.2.1.15 Dodecyl aldehyde oxime, 23 
 
Yield: 77%; mp 70-72˚C (lit., 72˚C)35; 1H NMR (δH; DMSO-d6, 400MHz): 0.85 (t, 
J=6.72 Hz, 3 H), 1.24 (br. s., 16 H), 1.34 - 1.43 (m, 2 H), 2.21 (td, J=7.32, 5.51 Hz, 2 H), 6.62 (t, 
J=5.37 Hz, 1 H), 10.69 (s, 1 H). 
 3.2.2.2 Ketoximes 
 3.2.2.2.1 4'-Chloroacetophenone oxime, 24 
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Yield: 88%; mp 90-93˚C (lit., 97-99˚C)36; 1H NMR (δH; DMSO-d6, 400MHz): 2.14 (s, 3 
H), 7.44 (d, J=8.87 Hz, 2 H), 7.66 (d, J=8.60 Hz, 2 H), 11.31 (br. s., 1 H). 
 3.2.2.2.2 4'-Bromoacetophenone oxime, 25 
 
Yield: 84%; mp 126-129˚C (lit., 128-130˚C)36; 1H NMR (δH; DMSO-d6, 400MHz): 2.14 
(s, 3 H), 7.59 (d, J=1.88 Hz, 4 H), 11.32 (s, 1 H). 
 3.2.2.2.3 3'-Bromoacetophenone oxime, 26 
 
Yield: 91%; mp 93-96˚C (lit., 92-93˚C)37; 1H NMR (δH; DMSO-d6, 400MHz): 2.14 (s, 3 
H), 7.35 (t, J=7.93 Hz, 1 H), 7.56 (dt, J=7.93, 0.87 Hz, 1 H), 7.65 (dd, J=7.79, 0.81 Hz, 1 H), 
7.80 (t, J=1.61 Hz, 1 H), 11.39 (s, 1 H). 
 3.2.2.2.4 4'-Iodoacetophenone oxime, 27 
 
Yield: 78%; mp 156-160˚C (lit., 156-158˚C)38; 1H NMR (δH; DMSO-d6, 400MHz): 2.11 
(s, 3 H), 7.43 (d, J=8.60 Hz, 2 H), 7.74 (d, J=8.60 Hz, 2 H), 11.29 (s, 1 H). 
 3.2.2.2.5 4'-Cyanoacetophenone oxime, 28 
 
Yield: 72%; mp 150-153˚C (lit., 150-153˚C)39; 1H NMR (δH; DMSO-d6, 400MHz): 2.17 
(s, 3 H), 7.69 - 7.91 (m, 4 H), 11.67 (br. s., 1 H). 
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 3.2.2.2.6 4'-Methylacetophenone oxime, 29 
 
Yield: 71%; mp 81-83˚C (lit., 84-86˚C)36; 1H NMR (δH; DMSO-d6, 400MHz): 2.03 (s, 3 
H), 2.26 (s, 3 H), 7.07 (d, J=7.52 Hz, 2 H), 7.50 (d, J=7.52 Hz, 2 H). 
 3.2.2.2.7 3'-Methylacetophenone oxime, 30 
 
Yield: 68%; mp 50-53˚C (lit., 51-52˚C)37; 1H NMR (δH; DMSO-d6, 400MHz): 2.14 (s, 3 
H), 2.32 (s, 3 H), 7.12 - 7.20 (m, 1 H), 7.26 (t, J=7.66 Hz, 1 H), 7.38 - 7.50 (m, 2 H), 11.14 (s, 1 
H). 
 3.2.2.2.8 3'-Hydroxyacetophenone oxime, 31 
 
Yield: 76%; mp 148-152˚C (lit., 148-149˚C)40; 1H NMR (δH; DMSO-d6, 400MHz): 2.08 
(s, 3 H), 6.73 - 6.79 (m, 1 H), 6.98 - 7.03 (m, 1 H), 7.07 (t, J=1.75 Hz, 1 H), 7.10 - 7.16 (m, 1 H), 
10.53 (br. s., 2 H). 
 3.2.2.2.9 2'-Hydroxyacetophenone oxime, 32 
 
Yield: 57%; mp 206-208˚C (lit., 209-210˚C)40; 1H NMR (δH; DMSO-d6, 400MHz): 2.25 
(s, 3 H), 6.83 - 6.99 (m, 2 H), 7.19 - 7.34 (m, 1 H), 7.47 (d, J=7.42 Hz, 1 H), 11.55 (br. s., 2 H). 
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 3.2.2.2.10 4'-Aminoacetophenone oxime, 33 
 
Yield: 70%; mp 128-132˚C (lit., 132-133˚C)41; 1H NMR (δH; DMSO-d6, 400MHz): 2.04 
(s, 3 H), 5.27 (s, 2 H), 6.53 (d, J=8.60 Hz, 2 H), 7.33 (d, J=8.60 Hz, 2 H), 10.60 (s, 1 H). 
 3.2.2.2.11 3'-Aminoacetophenone oxime, 34 
 
Yield: 68%; mp 134-136˚C (lit., 135-137˚C)42; 1H NMR (δH; DMSO-d6, 400MHz): 2.07 
(s, 3 H), 5.09 (s, 2 H), 6.55 (dd, J=8.06, 1.34 Hz, 1 H), 6.77 (d, J=7.79 Hz, 1 H), 6.87 (s, 1 H), 
7.00 (t, J=7.79 Hz, 1 H), 10.96 (s, 1 H). 
 3.2.2.2.12 (E)-1-(pyridin-4-yl)ethanone oxime, 35 
 
Yield: 65%; mp 162-165˚C (lit., 160˚C)43; 1H NMR (δH; DMSO-d6, 400MHz): 2.15 (s, 3 
H), 7.55 - 7.65 (m, 2 H), 8.51 - 8.60 (m, 2 H), 11.70 (br. s., 1 H). 
 3.2.2.2.13 (E)-1-(pyridin-3-yl)ethanone oxime, 36 
 
Yield: 56%; mp 114-116˚C (lit., 118˚C)43; 1H NMR (δH; DMSO-d6, 400MHz): 2.18 (s, 3 
H), 7.41 (dd, J=8.06, 4.84 Hz, 1 H), 8.01 (d, J=8.06 Hz, 1 H), 8.55 (d, J=4.57 Hz, 1 H), 8.84 (d, 
J=2.15 Hz, 1 H), 11.46 (br. s., 1 H). 
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 3.2.2.2.14 (E)-1-(pyridin-2-yl)ethanone oxime, 37 
 
Yield: 67%; mp 120-122˚C (lit., 119-121˚C)36; 1H NMR (δH; DMSO-d6, 400MHz): 2.21 
(s, 3 H), 7.34 - 7.38 (m, 1 H), 7.73 - 7.81 (m, 1 H), 7.81 - 7.88 (m, 1 H), 8.52 - 8.62 (m, 1 H), 
11.48 (s, 1 H). 
 3.2.2.2.15 (1E,1'E)-1-(6-((E)-1-(hydroxyimino)ethyl)pyridin-2-yl)ethanone oxime, 38 
 
Yield: 89%; mp 235˚C dec (lit., 236-238˚C)44; 1H NMR (δH; DMSO-d6, 400MHz): 2.25 
(s, 6 H), 7.73 - 7.86 (m, 3 H), 11.51 (br. s., 2 H). 
 3.2.2.2.16 (1E,1'E)-1-(4-((E)-1-(hydroxyimino)ethyl)phenyl)ethanone oxime, 39 
 
Yield: 93%; mp 247˚C dec (lit., 248-250˚C)45; 1H NMR (δH; DMSO-d6, 400MHz): 2.15 
(s, 6 H), 7.63 - 7.69 (m, 4 H), 11.25 (s, 2 H). 
 3.2.2.2.17 (1E,1'E)-1-(3-((E)-1-(hydroxyimino)ethyl)phenyl)ethanone oxime, 40 
 
Yield: 78%; mp 209-211˚C (lit., 206-208˚C)46; 1H NMR (δH; DMSO-d6, 400MHz): 2.17 
(s, 6 H), 7.40 (t, J=7.66 Hz, 1 H), 7.63 (d, J=7.79 Hz, 2 H), 7.92 (s, 1 H), 11.24 (s, 2 H). 
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 3.2.2.2.18 (E)-pentan-2-one oxime, 41 
 
Yield: 53%; Oil; 1H NMR (δH; DMSO-d6, 400MHz): 0.79 - 0.92 (m, 3 H), 1.38 - 1.51 
(m, 2 H), 1.65 - 1.78 (m, 3 H), 1.99 - 2.12 (m, 2 H), 10.21 (s, 1 H). 
 3.2.2.2.19 (E)-5-hydroxypentan-2-one oxime, 42 
 
Yield: 59%; mp 58-62˚C (lit., 61-62˚C)47; 1H NMR (δH; DMSO-d6, 400MHz): 1.52 - 
1.62 (m, 2 H), 1.70 - 1.74 (m, 3 H), 2.08 - 2.15 (m, 2 H), 3.39 (dt, J=6.45, 3.22 Hz, 2 H), 4.42 
(br. s., 1 H), 10.18 (s, 1 H). 
 3.2.2.2.20 (2E,4E)-pentane-2,4-dione dioxime, 43 
 
Yield: 64%; mp 127-129˚C (lit., 128-134˚C)48; 1H NMR (δH; DMSO-d6, 400MHz): 1.69 
(s, 6 H), 2.93 (s, 2 H), 10.50 (s, 2 H). 
 3.3 Results and discussion 
 3.3.1 Characterization of oximes 
 3.3.1.1 Infra-red spectroscopy 
IR spectroscopy is an effective qualitative technique for the preliminary characterization 
of the ground mixtures of all oximes. A salient feature in the IR spectra is the disappearance of 
the carbonyl stretch of the aldehydes and ketones (around 1700 cm-1), upon conversion to the 
corresponding oximes, along with the appearance of the -OH stretch of the oxime (around 3100 - 
3300 cm-1) (Figure 3.8). This observation is unambiguous and distinctive for all the 
aldehyde/ketone - oxime conversions. 
68 
 
 
Figure 3.8 Monitoring ketone-oxime conversions by IR spectroscopy. 
 3.3.1.2 1H NMR spectroscopy 
1H NMR spectroscopy has been used to characterize the products in all ground mixtures. 
A distinctive feature in the 1H NMR spectrum of aldehydes is the peak for the -CH proton at 10.0 
ppm, which shifts upfield by about 2.0 ppm, upon conversion to the corresponding aldoxime, and 
is accompanied by the appearance of the oxime -OH peak at about 11.0 ppm (Figure 3.9). 
 
Figure 3.9 1H NMR spectrum of 16. 
In the case of ketone-oxime synthesis, the products are characterized by monitoring the -
CH3 protons, which shift upfield by 0.3-0.5 ppm upon successful conversion of the ketone to the 
corresponding ketoxime, and are accompanied by the appearance of the oxime -OH peak at 
about 11.0 ppm (Figure 3.10). 
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Figure 3.10 1H NMR spectrum of 37. 
 3.3.2 Versatile synthetic method for aldehyde/ketone-oxime conversions 
The chosen aldehydes and ketones were selected with an aim to determining the 
versatility and robustness of a solvent-assisted mechanochemical route for aldehyde/ketone-
oxime conversions. Seven aldehydes (9-15) and five ketones (24-28) contained electron 
withdrawing substituents, one aldehyde (16) and two ketones (29 and 30) were decorated with an 
electron donating substituent, six aldehydes (17-22) and eight ketones (31-38) contained 
structurally active functional groups such as -COOH, -OH, -NH2 and pyridyl group, two ketones 
were multi-functionalized (39 and 40), and finally one aliphatic aldehyde (23) and three aliphatic 
ketones (41-43) were included. The broad range of starting materials will help establish the 
versatility of this green and facile route to oxime synthesis. 
Complete stoichiometric conversion of the aldehydes/ketones to the corresponding 
oximes was observed in 27 of 35 reactions (9-12, 15-16, 18, 20-31, 34-41), as a clean 1H NMR 
spectrum for the products was obtained from the ground mixture itself (Figure 3.11). There was 
no evidence of unwanted side reactions taking place, and pure compounds (by melting point 
determination) were obtained by washing the crude ground mixture with water to remove any 
inorganic salts. 
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Figure 3.11 1H NMR spectrum of the ground mixture of 12. 
In eight cases (13, 14, 17, 19, 32, 33, 42, and 43), an extra set of peaks was observed in 
the aromatic region of the 1H NMR spectrum, which was attributed to a small amount of 
deprotonated oxime in the ground mixture (due to presence of excess base) (Figure 3.12). Upon 
washing the crude mixtures with water, the oximes become protonated again, and pure 
compounds (based on a clean 1H NMR spectrum, and melting point determination) were 
obtained in each case. 
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Figure 3.12 1H NMR spectrum of 14 before (a) and after (b) an aqueous wash. 
It is apparent that the presence of electron withdrawing (9-15, 24-28), electron donating 
(16, 29-30), or structurally active functionalities such as -COOH (17), -OH (18-21, 31-32), and 
pyridyl group (22, 35-38), does not adversely affect this mechanochemical route and successful 
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aldehyde/ketone-oxime conversions can be achieved in each case. Furthermore, multi-functional 
(39-40) and aliphatic (23, 41-43) reactants can also be efficiently converted to the corresponding 
oximes under ambient conditions. 
In the case of 4-aminoacetophenone (33), only a 70% conversion to the corresponding 
oxime could be obtained (Figure 3.13), even upon increasing the ratios of hydroxylamine 
hydrochloride and base, which can be attributed to the strongly electron donating effect of the -
NH2 group in the 4-position. Whereas, in the case of 3-aminoacetophenone (34), 100% 
conversion to the corresponding oxime is achieved, because the -NH2 group in the 3-position in 
34, does not exert a similar electron donating effect as seen in 33. 
 
Figure 3.13 1H NMR spectrum of ground mixture of 33. 
 3.3.3 Relative reactivity of aldehyde-oxime versus ketone-oxime conversions 
In order to examine the relative reactivity of aldehyde-oxime versus ketone-oxime 
conversions (Figure 3.14), a 1 : 1 mmol ratio of benzaldehyde and acetophenone were ground 
together with 1 mmol of hydroxylamine and base. The obtained product ratio was 95% : 5% in 
favour of the aldehyde, which illustrates the greater reactivity of the aldehyde group when the 
two functional groups are located on different molecules. A similar product distribution (100% : 
0%) has been observed in a previous study20 involving competitive ball-milling of ortho/para 
nitrobenzaldehyde vs. ortho/para nitroacetophenone at room temperature. 
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Figure 3.14 Relative reactivity of aldehyde-oxime versus ketone-oxime conversions. 
There was a distinct change in the product ratio, when the two functional groups were 
located on the same backbone (Figure 3.15). Upon grinding 1 mmol of 4-acetylbenzaldehyde 
with 1 mmol of hydroxylamine and base, the obtained product distribution was 65% : 35% in 
favour of the aldehyde-oxime. This can be attributed to a possible electronic factor that comes 
into play, when the two functional groups are on the same backbone, as the electron withdrawing 
effect of the aldehyde group may enhance the reactivity of the ketone. 
 
Figure 3.15 Relative reactivity of aldehyde vs ketone group when present on the same backbone. 
A third experiment was designed to test this explanation, where 1 mmol each of 4-
methylacetophenone (electron donating substituent) and 4-cyanoacetophenone (electron 
withdrawing substituent) were ground together in the presence of 1 mmol of hydroxylamine and 
base (Figure 3.16). It is observed that 80% of 4-cyanoacetophenone was converted to the 
corresponding oxime, as compared to only 20% conversion in case of 4-methylacetophenone, 
which further shows that the electron withdrawing effect of the nitrile group enhances the 
reactivity of the ketone group, and thus facilitates ketone-oxime conversions. 
 
Figure 3.16 Effect of substituents on the ketone-oxime conversions. 
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 3.4 Conclusions 
A green and facile mechanochemical route to aldehyde/ketone-oxime conversions has 
been established by examining 15 aldehydes28 and 20 ketones39 that are decorated with different 
functional groups. It is clear that the presence of electron withdrawing (9-15, 24-28), electron 
donating (16, 29-30), structurally active (17-22, 31-38), multi-functinalized (39-40), or aliphatic 
(23, 41-43) substituents, does not adversely affect this robust synthetic route. Competitive 
experiments have shown that the aldehyde group has a greater reactivity in comparison to the 
ketone group, and also electron withdrawing substituents enhance, whereas electron donating 
substituents reduce the relative reactivity of a reactant. The simplicity of this ambient condition 
synthetic process, coupled with the ease of scalability make this route a better and greener 
alternative to existing methods of aldehyde/ketone-oxime conversions. 
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Chapter 4 - Structural chemistry of oximes 
 4.1 Introduction 
The predictable chemical reactivity that is associated with functional groups such as 
aldehydes, esters, and amines, etc. is one of the reasons for the unparalleled success of synthetic 
organic chemistry.1 Likewise, detailed information about the structural preferences and patterns 
of behavior that can be expected from specific chemical functionalities2,3 is required for the 
targeted assembly of desired solid-state architectures4 or of multi-component crystals with pre-
determined stoichiometry and metrics.5 Hence, for the advancement of crystal engineering to a 
higher level of complexity, the structural chemistry of key functional groups such as acids ( (8) 
motif),6,7,8 amides (C(4) (8) motifs)7,9 and phenols (C(2) chains)10 have been systematically 
examined and subsequently established to such an extent that confident predictions can be made 
as to how such entities are likely to self-assemble in the solid-state (Figure 4.1).2 
 
Figure 4.1 (a) Hydrogen-bonded (8) dimer in carboxylic acids; (b) Hydrogen-bonded infinite 
C(4) (8) ribbons in amides. 
 4.1.1 Oximes 
Oximes are well-known,11,12 easily available12 and ubiquitous in both research 
laboratories and in large-scale production,13,14 and studies pertaining to the structural aspects of 
some oximes have been presented. The patterns of hydrogen-bonding in crystalline oximes have 
been previously analyzed by Bertolasi et. al.,15 which was followed by a systematic investigation 
of hydrogen-bonding in aromatic and aliphatic dioximes by Bruton et al., wherein they observed 
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that the most common hydrogen-bonding motif responsible for propagating the network 
structures was the oxime…oxime (6) dimer (via O-H…N interactions) (Figure 4.2).16 
 
Figure 4.2 Single-crystal structure of isophthalaldehyde dioxime highlighting the oxime…oxime 
dimer. 
Recently, Low et. al. examined the hydrogen-bonding patterns in aldoximes, ketoximes, 
and O-alkylated ketoximes, with and without competing acceptors (other acceptors than the 
oxime nitrogen atom).17 The different hydrogen-bonding motifs present, and the effect of 
competing acceptors on the assembly of these motifs for aldoximes and ketoximes were outlined 
in this study. However, a systematic and parallel investigation of the structural chemistry of the 
most common and important members of the oxime family, has not yet been done. 
 4.1.1.1 Applications of oximes 
The general formula for oximes is RR'C=N-OH (Figure 4.3), and due to their potential to 
act as both a weak acid (pKa ≈ 11) and a weak base (pKb ≈ 12), the oxime anions tend to be 
ambident in nature and thus, can be used for the synthesis of different compounds such as oxime 
ethers14 or nitrones.14 They have also been employed in the characterization, purification and 
protection of functionalities such as aldehydes and ketones.18 Moreover, their nature of being 
strong coordinating ligands upon deprotonation has been exploited in metal-coordination 
chemistry.19 
 
Figure 4.3 Different types of oximes. 
An examination of the Cambridge Structural Database (CSD)20,21 for the literature on the 
structural chemistry of oxime-containing compounds reveals the popularity of this class of 
organic compounds; the four most common types of oximes (R' = -H, -CH3, -NH2, -CN) give a 
total of 2392 hits, of which 592 are organic substances. An elevated interest in the synthesis and 
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applications of oximes over the past few years shows the wide interest in this chemical 
functionality (Figure 4.4). Furthermore, as the previous cumbersome solution-based methods18 of 
synthesis of oximes are likely to be replaced with more versatile routes including green and 
robust mechanochemical pathways,22,23 the use and importance of oximes are likely to continue 
to grow. 
 
Figure 4.4 Number of reported single crystals for oximes (R' = -H, -CH3, -NH2, -CN), 1988-
2012. 
 4.1.1.2 Hydrogen-bonding in oximes 
Oximes can act as both hydrogen-bond donors (via the –O-H moiety), and as hydrogen-
bond acceptors (via the –C=N and the –OH moieties). Consequently, they can either form dimers 
via O-H…N intermolecular interactions, or oxime…oxime catemers via intermolecular O-H…N=C 
and O-H…OH hydrogen-bonds in the solid-state (Figure 4.5).15 
80 
 
 
Figure 4.5 (a) Hydrogen-bond donor/acceptors in oximes; (b) Hydrogen-bonded dimers; (c) 
Catemer formation via –O-H…N hydrogen-bonded chains; (d) Catemer formation via –O-H…O 
hydrogen-bonded chains. 
Moreover, the structural chemistry of oximes having substituents (R') such as H2N-/N≡C- 
moieties, may also be affected via O-H…NH2 and O-H
…N≡C interactions in the solid-state 
(Figure 4.6). 
 
Figure 4.6 (a) Hydrogen-bonded chains via O-H…N≡C interactions in cyano-oximes; (b) 
Hydrogen-bonded chains via O-H…NH2 interactions in amidoximes. 
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Despite the increasing number of crystallographic studies of oximes, a detailed 
examination of their structural chemistry and behavioral patterns in solid-state has not yet been 
clearly established. In this chapter, we are particularly interested in: 
 Classifying the different hydrogen-bonded homomeric intermolecular oxime…oxime 
interactions for the four major categories of oximes (R' = -H, -CH3, -NH2, -CN) (Figure 
4.7), by analyzing the available solid-state data in the CSD, complemented by three new 
crystal structures. 
 Establishing the patterns of behavior of the four major categories of oximes (R' = -H, -
CH3, -NH2, -CN). 
 Investigating the possible structural or electronic effects that govern the binding 
preferences of oximes as a function of R' group. 
 
Figure 4.7 Four major categories of oximes examined in this chapter. 
 4.2 Experimental 
 4.2.1 Synthesis and single-crystal growth 
All chemicals, unless otherwise noted, were purchased from Aldrich and used without 
further purification. The synthesis of 4-iodobenzaldehyde oxime (13), 4-iodoacetophenone 
oxime (27) and 4-cyanoacetophenone oxime (28) are described in Chapter 3. Melting points 
were determined on a Fisher-Johns melting point apparatus and are uncorrected. The single-
crystal growth conditions and melting points of 13, 27 and 28 are given in Table 4.1. 
Table 4.1 Single-crystal growth details and melting points of 13, 27 and 28. 
Compound Solvent for 
crystal growth 
Observed melting 
point (ºC) 
Literature 
melting point (ºC) 
4-Iodobenzaldehyde oxime (13) Ethyl acetate 100 - 102 101 - 10322 
4-Iodoacetophenone oxime (27) Ethyl acetate 150 - 153 150 - 15323 
4-Cyanoacetophenone oxime (28) Ethyl acetate 156 - 160 156 - 15824 
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 4.2.2 CSD search 
Oxime…oxime intermolecular interactions were mined from data in the CSD using four 
different searches (Figure 4.8). Search 1 in the CSD on the four major types of oximes (R' = -H, -
CH3, -NH2, -CN), gives data that show oxime
…oxime O-H…N hydrogen bonds, whereas search 2 
gives all the O-H…N hydrogen-bonded dimers. The difference between the data sets of search 1 
and 2 represents the catemers produced by O-H…N hydrogen-bonds. Search 3 finds O-H…O 
hydrogen-bonded catemers, whereas search 4 finds the O-H…NH2 chains found in amidoximes. 
In order to focus on oxime…oxime interactions in the solid-state, all inorganic substances, salts 
and co-crystals have been excluded from the search, and N/O heterocycles, α-carbonyl 
substituted oximes and solvates have also been excluded, as they can act as hydrogen-bond 
acceptors and donors, and thus disrupt oxime…oxime interactions. In addition, as we are focusing 
on oxime…oxime intermolecular interactions, all 1,2-disubstituted bisoximes have been 
excluded, as they are more prone to intramolecular hydrogen-bonded motifs. The existing CSD 
data has been complemented by adding three new crystal structures. 
 
Figure 4.8 Defined parameters in the CSD during the search for data on oximes. 
 4.2.3 Molecular electrostatic potential calculations 
Charge calculations were performed using Spartan’04 (Wavefunction, Inc. Irvine, CA). 
All molecules were geometry optimized using DFT B3LYP/6-31+G* ab initio calculations, with 
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the maxima and minima in the electrostatic potential surface (0.002 e au-1 iso-surface) 
determined using a positive point charge in vacuum as a probe. 
 4.3 Results 
The intermolecular interactions between two or more oximes in the solid-state depends 
upon the presence of different acceptors and donors in oximes, and can be classified into four 
major categories; (i) dimers based on –O-H…N hydrogen-bonds ( (6) motif), (ii) catemers 
directed by –O-H…N interactions (C(3) chains), (iii) catemers governed by –O-H…O hydrogen-
bonds (C(2) chains), and (iv) oximes in which the R' group plays a dominant role by accepting a 
hydrogen-bond from the oxime moiety (C(6) catemeric chains). 
 4.3.1 Aldoximes (R' = H) 
 4.3.1.1 Crystal structure of 13 
An examination of the single-crystal structure of 13 reveals that the hydrogen-bond 
donors (the –OH moieties) are involved in –O-H…N intermolecular interactions with oxime 
nitrogen atoms (the C=N moiety) of neighboring molecules (O17…N17 2.839(2) Å, O17-
H17…N17 2.08(3) Å), thereby forming dimers (Figure 4.9). The interlinking of these dimers 
occurs via halogen bonds between an iodine atom of one molecule and the lone pair of an 
oxygen atom of an adjacent molecule, thus indicating that these are electrostatically driven 
interactions. The C-I…O bond angle is 154.74(5) º and the O…I bond distance is 3.4471(15) Å. 
 
Figure 4.9 Section of the crystal structure of 13 displaying the hydrogen bonded (6) dimer 
and an I…O halogen bond. 
84 
 
 4.3.1.2 CSD data 
There are a total of 58 crystal structures of aldoximes in the CSD, 42 of which form 
hydrogen-bonded dimers via –O-H…N interactions (average HO…N bond distance and O-H…N 
bond angle is 2.82(4) Å and 150(7) º, respectively) (Figure 4.10). There are fourteen aldoximes 
in which catemer formation is directed by –O-H…N interactions (average HO…N bond distance 
and O-H…N bond angle is 2.79(4) Å and 171(5) º, respectively), whereas in two cases the 
primary interactions are  –O-H…O hydrogen-bonds leading to catemers. Upon summarizing these 
observations, it shows that 72% aldoximes exist as dimers, 24% as catemers with –O-H…N 
interactions, and 4% display –O-H…O hydrogen-bonded catemers. 
 
Figure 4.10 HO…N bond distance (Å) vs O-H…N bond angle (º) for dimers and catemers of 
aldoximes. 
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 4.3.2 Ketoximes (R' = CH3) 
 4.3.2.1 Crystal structure of 27 
Upon examining the crystal structure of 27, the key features were found to be identical to 
those displayed by 13. The primary motif is the -O-H…N hydrogen-bonded dimer with a HO…N 
bond distance of 2.813(3) Å (O27N17) (Table 4.2). The neighboring hydrogen-bonded dimers 
are interconnected by -C-I…O halogen-bonds, where the I…O bond distance is 3.1727(17) Å 
(Figure 4.11) (Table 4.2). The presence of a pseudo two-fold rotation axis relates the two 
asymmetric units in 27. 
 
Figure 4.11 Section of the crystal structure of 27 displaying the hydrogen bonded (6) dimer 
and an I…O halogen bond. 
Table 4.2 Key geometric parameters in the crystal structures of 27 and 28. 
Ligand d (OH…N)/Å d (HO…N)/Å Angle (O-
H…N)/˚ 
d (I…O)/Å Angle (C-
I…O)/˚ 
27 2.00(4) 2.813(3) 155(3) 3.1727(17) 154.37(7) 
28 1.812(15) 2.7614(14) 160.5(15) - - 
 4.3.2.2 Crystal structure of 28 
An examination of the crystal structure of 28 showed the hydrogen-bonded dimers 
constructed from -O-H…N interactions between adjacent oxime molecules with an HO…N bond 
distance of 2.7614(14) Å (Figure 4.12) (Table 4.2). 
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Figure 4.12 Dimer formation ( (6)) in the crystal structure of 28. 
 4.3.2.3 CSD data 
A search of the CSD generated 37 crystal structures of single-component ketoximes, 32 
(87%) of which are dimers directed by –O-H…N hydrogen bonds (average HO…N bond distance 
and O-H…N bond angle is 2.81(3) Å and 154(9) º, respectively) (Figure 4.13). The remaining 
five (13%) ketoximes revealed catemeric chains directed by -O-H…N interactions (average 
HO…N bond distance and O-H…N bond angle is 2.81(6) Å and 172(5) º, respectively), whereas 
none of the ketoximes showed intermolecular -O-H…O hydrogen-bonds. 
87 
 
 
Figure 4.13 HO…N bond distance (Å) vs O-H…N bond angle (º) for dimers and catemers of 
ketoximes. 
 4.3.3 Amidoximes (R' = NH2) 
 4.3.3.1 CSD data 
A total of 21 crystal structures are known for amidoximes, fourteen (67%) of which are 
dimers directed by -O-H…N interactions between adjacent oxime molecules (average HO…N 
bond distance and O-H…N bond angle is 2.77(4) Å and 145(7) º, respectively) (Figure 4.14). Out 
of the remaining seven crystal structures, six (28%) form catemeric chains interconnected via -O-
H…N hydrogen-bonds (average HO…N bond distance and O-H…N bond angle is 2.75(7) Å and 
171(8) º, respectively), whereas one (5%) amidoxime forms catemers via -O-H…O interactions. 
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Figure 4.14 HO…N bond distance (Å) vs O-H…N bond angle (º) for dimers and catemers of 
amidoximes. 
 4.3.4 Cyano-oximes (R' = CN) 
A CSD search for cyano-oximes by themselves generated nine crystal structures, all of 
which showed O-H…N≡C hydrogen-bonds between the oxime moiety and the nitrile nitrogen 
atom. 
 4.4 Discussion 
An examination of the single-crystal data in the CSD for the four major categories of 
oximes, subsequently revealed that the oximes can be grouped into four categories based on the 
specific structure-directing interactions present in order to fully recognize the electronic or 
structural effects of the substituents (R') on the structures. A summary of the data is given in 
Table 4.3. 
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Table 4.3 Primary motifs in crystal structures of oximes. 
Type of oxime –O-H…N 
(6) dimers 
–O-H…N 
C(3) catemers 
–O-H…O 
C(2) catemers 
-O-H…N≡C 
C(6) catemers 
Aldoximes 
(R' = H) 
42 
(72%) 
14 
(24%) 
2 
(4%) 
- 
Ketoximes 
(R' = CH3) 
32 
(87%) 
5 
(13%) 
0 
(0%) 
- 
Amidoximes 
(R' = NH2) 
14 
(67%) 
6 
(28%) 
1 
(5%) 
- 
Cyano-oximes 
(R' = CN) 
0 
(0%) 
0 
(0%) 
0 
(0%) 
9 
(100%) 
 4.4.1 Bond lengths and bond angles in dimers and catemers 
The formation of dimers and O-H…N hydrogen-bonded catemers is only observed for 
three categories (R' = -H, -CH3, -NH2). All dimers and O-H
…N hydrogen-bonded catemers 
behave in a similar manner in terms of O-H…N bond distances (Å) and O-H…N bond angles (º), 
regardless of the substituent present on these oximes. In the case of all dimers, the O-H…N bond 
angles (average value is 150 º) show that these hydrogen-bonds lack linearity, and thus highlights 
the relatively strained (6) motif which is formed in oxime dimers. On the other hand, the 
hydrogen bonds in the C(3) catemeric chains are closer to linear (average bond angle is 171 º) 
and less constrained, as is expected with catemer formation. 
 4.4.2 Explanation of trends 
For both dimers and catemers, the primary intermolecular interactions are very similar 
(two O-H…N interactions / two molecules) based on enthalpic considerations, but entropically 
catemer formation is favored over dimers.25 The greater number of dimers in the case of oximes 
can however be explained on the basis of the three components of the “kinetic chelate 
effect”;25,26 (i) the increased effective concentration of the tethered oxime moiety in dimers when 
compared to the second hydrogen-bonding molecule in catemers, (ii) the ease with which the 
tethered moiety can rotate and hydrogen-bond to form dimers, in comparison to the required 
second effective collision in catemers, and (iii) the lower rate of dissociation in dimers because, 
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even if one hydrogen-bond breaks, a second one is still holding the moiety in place and 
consequently, they can quickly rejoin. 
 4.4.2.1 Aldoximes (R' = H) and amidoximes (R' = NH2) 
According to the above hypothesis, we would expect to predominantly see (6) dimers 
for each category of oximes via O-H…N interactions between two oxime moieties. However, 
upon comparing the four types of oximes (R' = -H, -CH3, -NH2, -CN), it is observed that 
aldoximes (24%) and amidoximes (28%) show a larger number of C(3) catemeric chains. This 
behavior can be explained on the basis of molecular electrostatic potential charge calculations 
(MEPs) (Figure 4.15). 
 
Figure 4.15 Molecular electrostatic potentials (MEPs) for aldoximes and amidoximes. 
Both aldoximes and amidoximes possess an acidic proton (R' = H, NH2) on the oxime 
moiety, which can potentially act as an alternative hydrogen-bond donor. Any such C-H…N / N-
H…N interaction between the substituent and the oxime nitrogen atom will hinder the formation 
of dimers, and thus increase the propensity for the formation of C(3) catemers, as seen in 
aldoximes and amidoximes. 
 4.4.2.2 Ketoximes (R' = CH3) 
Ketoximes contain two hydrogen-bond acceptors, the oxime nitrogen atom (- 137 kJ/mol) 
and the oxime oxygen atom (- 117 kJ/mol) (Figure 4.16). Upon comparing the MEP values, it 
can be inferred that the oxime nitrogen atom is a better hydrogen-bond acceptor. The presence of 
only one hydrogen-bond donor, the -O-H moiety (+ 250 kJ/mol), coupled with the absence of 
any interfering substituents on the oxime moiety, directs the ketoximes preferentially towards the 
formation of (6) dimers (87%) in the solid-state. 
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Figure 4.16 Molecular electrostatic potentials (MEPs) for ketoximes. 
 4.4.2.3 C(2) catemers (via O-H…O interactions) in aldoximes and ketoximes 
Two aldoximes (4%) show C(2) catemeric chains in the solid-state via O-H…O 
interactions, whereas none of the ketoximes do so. For aldoximes, the electrostatic potential 
charges on the oxime nitrogen atom and oxygen atom are – 111 and – 122 kJ/mol respectively. 
Since, these values for the electrostatic potential charges are quite similar, the chances of catemer 
formation via the oxime oxygen atom increases in the case of aldoximes. On the other hand, the 
electrostatic potential charge on the oxime nitrogen atom (- 137 kJ/mol) in ketoximes is 
significantly greater than the charge on the oxygen atom (- 117 kJ/mol), which makes the 
nitrogen atom the far better acceptor, thus making it more unfavourable to form catemers 
directed by O-H…O hydrogen-bonds. 
 4.4.2.4 Cyano-oximes (R' = CN) 
Cyano-oximes do not form any dimers or catemers in the solid-state, and this can again 
be rationalized using the MEPs (Figure 4.17). Cyano-oximes contain three potential hydrogen-
bond acceptors, wherein the nitrile nitrogen atom bearing the highest charge (- 166 kJ/mol) is the 
best acceptor. Moreover, there is only one hydrogen-bond donor, the –O-H moiety (+ 297 
kJ/mol), hence the primary electrostatic interaction is likely to be the hydrogen-bond between the 
–O-H moiety and the nitrile nitrogen atom, which is the case for cyano-oximes (100%). This 
observation is consistent with earlier studies on nitriles based on pKHB, wherein the nitrile moiety 
has been shown to be a competent hydrogen-bond acceptor.27 
 
Figure 4.17 Molecular electrostatic potentials (MEPs) for cyano-oximes. 
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The behavior of cyano-oximes is also supported by calculating the interaction-site pairing 
energies (ΔE in kJ) using the hydrogen-bond donor parameters (αi), and the hydrogen-bond 
acceptor parameters (βj), utilized by Hunter and coworkers (Figure 4.18).28 
 
Figure 4.18 Calculated hydrogen-bond parameters αi, βj and interaction-site pairing energies, for 
dimers, and O-H…N≡C catemer for cyano-oximes (a); and for 28 (b). 
In the case of cyano-oximes, the pairing energies for dimer formation (via O-H…N 
interactions), and for hydrogen-bonding through the nitrile moiety (Figure 4.18 a), show a net 
benefit of 15–16 kJ for the nitrile-based C(6) catemer, thus making it the more favorable 
interaction. However, the increased charge on the nitrogen atom of the oxime moiety in the case 
of 28, leads to a net benefit of only 10-11 kJ in favor of hydrogen-bonding via the nitrile moiety 
over the formation of dimers (Figure 4.18 b). Despite this, in the case of 28, the preferential 
formation of dimers in the solid-state via O-H…N interactions between the oxime moieties, 
indicates that a net advantage of 11 kJ is not sufficient to break the kinetically favorable dimers, 
and consequently lead to other interactions in the solid-state for oximes. 
 4.5 Conclusions 
The available solid-state data in the CSD on the four major categories of oximes (R' = -H, 
-CH3, -NH2, -CN), complemented by three new relevant crystal structures, has provided the 
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foundation for an examination of the structural chemistry and dominating intermolecular 
oxime…oxime hydrogen-bonding patterns present in the solid-state.29 A higher number of C(3) 
catemers are observed in the case of aldoximes and amidoximes, which can be explained by the 
presence of an acidic proton on the R' group, which may hinder the formation of (6) dimers, 
thus yielding higher number of catemers. Ketoximes show the higher charge on the oxime 
nitrogen atom, and also have an inactive R' group, which clearly tilts the balance towards the 
formation of (6) dimers. Cyano-oximes have a strong hydrogen-bond acceptor in the form of 
the nitrile nitrogen atom, as shown by molecular electrostatic potential calculations and the 
interaction-site pairing energies, and thus only show O-H…N≡C based C(6) catemers in the 
crystal lattice. In summary, it is noted that intermolecular homomeric oxime…oxime interactions 
give rise to four distinct supramolecular synthons;9b (i) (6) dimers, (ii) C(3) chains, (iii) C(2) 
chains, and (iv) C(6) chains. 
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Chapter 5 - Hydrogen-bond and halogen-bond donors in 
supramolecular assembly – complementary or competitive? 
 5.1 Introduction 
Hydrogen-bonds (HB) is one of the most extensively studied intermolecular interactions 
in supramolecular synthesis, due to the strength and directionality of this force, when compared 
to other intermolecular interactions,1 and it is a reliable tool for constructing supramolecular 
architectures.2 Halogen-bonds (XB), on the other hand have been exploited to a much lesser 
extent for assembling supermolecules, even though they are similar in strength and directionality 
to the ubiquitous hydrogen-bonding.3 Hydrogen-bond strengths range from 4-60 kJ mol-1,4 in 
comparison to halogen-bond strengths of 5-180 kJ mol-1 (the higher number is for anionic 
halogen-bonding of the type I2
…I-).3 Halogen-bonds have been successfully used for the 
controlled self-assembly of several host-guest solids, with applications in ion-pair recognition,5 
organic phosphorescent materials6 and chemical separation.7 
 5.1.1 Existing studies 
Some recent efforts in crystal engineering have focused on designing and synthesizing 
supramolecular systems with a combination of hydrogen-bonds and halogen-bonds.8 Due to their 
analogous high strength, specificity and directionality, they can be used in conjunction with each 
other to assemble complicated architectures with a high degree of robustness and precision.9 In a 
recent study, Resnati et al. demonstrated the orthogonal self-assembly of an open organic 
framework with 2-D channels by combining hydrogen and halogen bonds, wherein the 
framework was able to host various guest molecules (Figure 5.1).10 
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Figure 5.1 Orthogonal self-assembly of an open organic framework by combining hydrogen and 
halogen bonds. 
Consequently, it is important to investigate the structure-directing balance between 
hydrogen-bonding and halogen-bonding, because any such study, will directly benefit crystal 
engineers looking to design complicated supramolecular architectures based on these 
intermolecular interactions. Some studies on the complementary/competing nature of hydrogen-
bonds with halogen-bonds have been presented. For example, Aakeröy et al.11 examined the 
competition between hydrogen-bond donors (acids, phenols and oximes) and halogen-bond 
donors (activated Br/I by fluorination) on the same organic backbone, by co-crystallizing them 
with two azo-pyridine based ditopic acceptors. They found that the orientation of the binding site 
in the acceptor greatly influenced the supramolecular assembly, wherein the hydrogen-bond was 
the driving force for the 3,3'-azopyridine acceptor, and for the 4,4'-azopyridine acceptor, the two 
forces of interaction equally contributed to the assembly process (Figure 5.2). 
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Figure 5.2 Competing hydrogen-bond and halogen-bond donors in crystal engineering. 
In another study by Resnati et al. on the patterning behavior of azobenzene-containing 
materials assembled via hydrogen-bonds and halogen-bonds, showed that both hydrogen and 
halogen-bonds can be used for assembling supramolecular polymer-azobenzene complexes, but 
they concluded that the higher directionality of the halogen-bond promoted the patterning 
efficiency when compared to hydrogen-bonds.12 Another notable single-pot competitive 
experiment by Resnati et al. involved co-crystallizing 1,2-bis(4-pyridyl)-ethane (symmetric 
acceptor) with 1,4-diiodotetrafluorobenzene (halogen-bond donor) and hydroquinone (hydrogen-
bond donor), wherein selective halogen-bond co-crystal formation occurred, and the hydrogen-
bond donor remained in solution.13 Complementary work has been done by Bruce et al.14 and 
Cho et al.15 on designing liquid crystals involving a combination of hydrogen and halogen-bonds 
affixed on the same backbone. 
Despite these studies on the competition between hydrogen-bonds and halogen-bonds, 
there is still a need for systems which will allow us to explore the complementarity/competition 
between these interactions, in the absence of other structure-directing factors such as geometric 
bias and sterics. 
 5.1.1 Rationale for design 
In order to investigate the competition between hydrogen and halogen-bonds, in the 
absence of other structure-directing factors, it is necessary to design a system in which the 
hydrogen-bond donors and the halogen-bond donors are on the same organic backbone and lack 
steric hindrance (Figure 5.3). 
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Figure 5.3 Design of the ligand. 
Aldoxime was chosen as the hydrogen-bond donor (HB), keeping in mind the hydrogen-
bonding capabilities of the oxime moiety16 (can act as a hydrogen-bond donor via the O-H 
moiety, and can also form self-complementary supramolecular synthons). Also, oximes are easy 
to synthesize by mechanochemical means,17 and are ubiquitous in both research laboratories18 
and in industries.19 Although, the traditional activated halogen-bond donors (XB) include 
perfluorinated aromatic/aliphatic compounds,20 a recent review by Rissanen et al.21 outlined 
alternative and effective halogen-bonding motifs. We chose ethynylhalogenated compounds as 
the halogen-bond donor, as they have been shown to act as effective halogen-bond donors,22 and 
have also been used to design functional materials such as conducting nano-wires23 and 
insulation materials.24 
The suitable ligands containing the hydrogen/halogen-bond donors examined in this 
chapter are shown in Figure 5.4. 
 
Figure 5.4 Hydrogen-bond (HB) and halogen-bond (XB) donors. 
For the purpose of exploring the HB and XB donor capabilities of the donors in the 
presence of each other, we will co-crystallize them with a series of 20 different hydrogen-bond 
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acceptors belonging to three different categories; (i) monotopic acceptor (Figure 5.5), (ii) 
symmetric ditopic acceptors (Figure 5.6), and (iii) asymmetric ditopic acceptors (Figure 5.7). 
 
Figure 5.5 Monotopic HB/XB acceptors. 
 
Figure 5.6 Symmetric ditopic HB/XB acceptors. 
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Figure 5.7 Asymmetric ditopic HB/XB acceptors. 
The co-crystals will be analyzed by infra-red spectroscopy (IR) and by single-crystal X-
ray diffraction, for the purpose of examining the competition and selectivity (if any) in the 
system between hydrogen-bonds and halogen-bonds. As both hydrogen and halogen-bonds are 
electrostatic in nature,13,25 we will use molecular electrostatic potential calculations (MEPs) as a 
tool to try and explain any observed trends for the system under study. 
In this chapter, we are particularly interested in: 
 Investigating the capability of the ethynylhalogenated/oxime ligands for simultaneous 
and/or halogen/hydrogen-bonding. 
 Characterizing the co-crystals by IR spectroscopy and establishing the reliability of this 
technique in characterizing such co-crystalline materials. 
 Comparing the relative halogen-bond donor strength of the bromo and iodo substituents. 
 Exploring the relative competition between the ethynylhalogenated and oxime moieties. 
 5.2 Experimental 
 5.2.1 Synthesis 
All chemicals were purchased from Aldrich and used without further purification, unless 
otherwise noted. Melting points were determined on a Fisher-Johns melting point apparatus and 
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are uncorrected. 1H and 13C NMR spectra were recorded on a Varian Unity plus 400 MHz 
spectrometer in CDCl3 or d6-DMSO. Infrared spectroscopy (IR) was done on a Nicolet 380 FT-
IR. The synthesis of 4-(bromoethynyl)benzaldehyde oxime (12) is described in Chapter 3. 
 5.2.1.1 Synthesis of 4-(iodoethynyl)benzaldehyde, 44 
 
To a stirred solution of 7 (0.9 g, 6.92 mmol) in acetone (150 mL) was added 0.12 g of 
silver(I) nitrate (0.69 mmol). The mixture was stirred for 30 minutes, then N-iodosuccinimide 
(3.89 g, 17.29 mmol) was added. The mixture was protected from light and stirred for 3 days. 
Upon completion of the reaction, acetone was evaporated under vacuum and the solid mixture 
was chromatographed over a short pad of silica gel with hexane as the eluent and the product 
was isolated as a yellow solid. Yield: 1.27 g (72%); mp 128-132˚C; 1H NMR (δH; CDCl3, 
400MHz): 26 7.59 (d, J=8.06 Hz, 2 H), 7.84 (d, J=8.33 Hz, 2 H), 10.02 (s, 1 H). 
 5.2.1.2 Synthesis of 4-(iodoethynyl)benzaldehyde oxime, 45 
 
In a mortar, 0.60 g (2.34 mmoles) of 44 and 0.20 g (2.81 mmoles) of hydroxylamine 
hydrochloride is ground together with a pestle. Then, 0.12 g (2.81 mmoles) of crushed sodium 
hydroxide is added and the mixture is ground further with the addition of 0.1-0.2 mL methanol, 
for 2 minutes at room temperature. The reaction mixture is left for 5 minutes, after which it is 
ground for another 2 minutes with 0.1-0.2 mL methanol. At this stage the reaction is examined 
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by TLC. Upon completion of the reaction, a 1H NMR spectrum of the crude mixture is taken in 
d6-DMSO to confirm the formation of product. The crude mixture is washed with water to get rid 
of any inorganic salts and it is air dried, to get a yellow powder of the product. Yield: 0.54 g 
(85%); mp 145-149˚C; 1H NMR (δH; DMSO-d6, 400MHz): 7.45 (d, J=8.06 Hz, 2 H), 7.57 (d, 
J=8.33 Hz, 2 H), 8.14 (s, 1 H), 11.40 (s, 1 H); 13C NMR (δc; CDCl3, 400MHz): 19.66, 92.46, 
123.57, 126.41, 132.30, 133.34, 147.49. 
 5.2.2 Synthesis of co-crystals 
 5.2.2.1 Synthesis of 4-(bromoethynyl)benzaldehyde oxime:4,4'-bipyridine, 12F 
4-(Bromoethynyl)benzaldehyde oxime (15 mg, 0.07 mmol) and 4,4'-bipyridine (10.5 mg, 
0.07 mmol) were placed in a vial containing methanol and heated until a clear homogeneous 
solution was obtained. After two days of slow evaporation, colorless plate-shaped crystals were 
obtained. M.p. 114-116 °C. 
 5.2.2.2 Synthesis of 4-(bromoethynyl)benzaldehyde oxime:1,2-bis(4-pyridyl)ethylene, 12K 
4-(Bromoethynyl)benzaldehyde oxime (15 mg, 0.07 mmol) and 1,2-bis(4-
pyridyl)ethylene (12.2 mg, 0.07 mmol) were placed in a vial containing methanol and heated 
until a clear homogeneous solution was obtained. After two days of slow evaporation, colorless 
plate-shaped crystals were obtained. M.p. 138-142 °C. 
 5.2.2.3 Synthesis of 4-(iodoethynyl)benzaldehyde oxime:4,4'-bipyridine-N-monoxide, 45N 
4-(Iodoethynyl)benzaldehyde oxime (15 mg, 0.06 mmol) and 4,4'-bipyridine-N-
monoxide (9.5 mg, 0.06 mmol) were placed in a vial containing methanol and heated until a 
clear homogeneous solution was obtained. After two days of slow evaporation, colorless plate-
shaped crystals were obtained. M.p. 159-162 °C. 
 5.2.3 Molecular electrostatic potential calculations 
Charge calculations were performed using Spartan’04 (Wavefunction, Inc. Irvine, CA). 
All molecules were geometry optimized using DFT B3LYP/6-311++G** ab initio calculations, 
with the maxima and minima in the electrostatic potential surface (0.002 e au-1 iso-surface) 
determined using a positive point charge in vacuum as a probe. 
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 5.3 Results 
We have structurally characterized three co-crystals, i.e. 12F, 12K and 45N, using single-
crystal X-ray diffraction. Table 5.1 (A-J) and Table 5.2 (K-T) lists the significant IR bands for 
all the co-crystals of 12 and 45, obtained from solvent-assisted grind experiments. 
Table 5.1 Significant FT-IR bands (A-J). 
  Original A B C D E F G H I J 
12 2190.23 2193.6 2186.32 2193.13 2195.44 2193.73 2185.37 2194.75 2190.23 2190.23 2193.73 
  1626.5 1620.51 1619.19 1625.69 ND 1618.94 1616.4 1610.18 1614.3 ND ND 
  1602.09 ND 1601.85 1605.12 ND 1600.14 ND 1601.72 1600.35 ND 1604.02 
  1510.53 1506.33 1511.26 1510.85 1510.88 1511.81 1508.49 1509.53 1512.64 1509.14 1507.12 
  1457.29 1463.71 1459.65 1457.19 1447.62 1453 1448.7 1466.16 1447.26 1468.34 1442.78 
  1404.08 1407.71 1405.06 1408.48 1407.52 1415.47 1402.29 1400.08 1410.9 1404.84 1400.9 
  1301.25 1299.68 1301.76 1300.91 1300.4 1310.82 1294.74 1301.3 1299.58 1297.89 1299.58 
  1212.36 1214.52 1210.34 1212.01 1213.13 1212.58 1209.24 1209.27 1207.97 1212.26 1208.77 
  971.56 966.81 973.49 971.07 970.43 968.42 958.73 969 973.15 970.18 971.26 
  936.9 922.31 931.98 936.56 942.4 922.22 934.93 934.75 928.36 946.25 929.35 
  877.25 873.9 873.98 875.91 874.29 883.32 874.36 873.28 869.97 873.93 869.97 
  826.78 827.46 825.13 825.92 834.92 820.59 831.54 827.35 826.71 824.54 826.88 
                        
45 2160.43 2154.03 2158.8 2165.78 2166.12 2162.29 2148.32 2169.28 2155.31 2158.24 2161.67 
  1683.06 1690.87 1683.78 1683.78 ND 1683.78 1683.78 1687.28 1687.28 1692.03 1684.76 
  1626.06 1613.84 1621.76 1623.91 1626.33 1614.41 1622.35 1626.13 ND ND ND 
  1593.99 1595.69 1596.46 1592.97 1595.73 1579 1589.59 1596.46 1596.46 1597.39 1596.05 
  1498.11 1505.74 1484.7 1498.67 1507.64 1501.94 1499.3 1509.14 1509.14 1500.56 1492.14 
  1462.18 1479.18 1456.75 1459.78 1460.47 1461.04 1456.58 1460.25 ND 1455.32 1456.27 
  1299.86 1299.52 1299.58 1303.07 1301.13 1307.68 1296.09 1301.22 1298.53 1298.09 1297.82 
  1209.24 1214.48 1215.75 1208.77 1210.95 1208.85 1212.67 1208.77 1202.26 1208.69 1212.12 
  966.93 967.47 957.29 967.79 963.98 968.32 958.6 969.18 967.77 962.45 967.02 
  933.58 923.3 936.33 932.84 939.39 922.36 929.35 932.14 938.76 927.59 934.45 
  870.11 867.44 873.46 872.47 872.57 871.83 871.94 872.62 870.97 866.59 870.69 
  824.86 825.97 824.78 824.77 830.97 821.89 830.8 825.82 827.78 835.45 825.8 
  811.68 807.01 812.76 810.45 813.18 810.6 819.12 811 802.44 815.9 802.28 
ND = Not determined 
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Table 5.2 Significant IR bands (K-T). 
  Original K L M N O P Q R S T 
12 2190.23 2183.25 2183.25 2197.22 2182.41 2190.23 2189.09 2186.74 2190.23 2183.25 2193.73 
  1626.5 1625.8 1616.7 1624.41 ND 1621.67 1616.3 1616.64 1634.88 ND ND 
  1602.09 1608.31 ND 1612.18 1604.71 ND ND 1600.67 ND ND ND 
  1510.53 1505.65 1505.65 1509.14 1502.28 1509.14 1506.92 1508.44 1504.78 1512.64 ND 
  1457.29 1459.65 1439.24 1463.74 1467.1 1463.13 1465.79 ND ND 1453.26 1460.25 
  1404.08 1418.33 1414.84 1401.04 1408.47 1404.36 1402.33 1404.36 1393.45 1397.38 1418.33 
  1301.25 1292.59 1296.91 1298.28 1302.93 1291.18 1301.18 1299.13 1299.27 1306.56 1299.58 
  1212.36 1212.26 1208.77 1212.33 1210.46 1213.34 1212.12 1208.77 1208.56 1219.25 1205.27 
  971.56 964.66 969.8 973.07 966.78 ND 966.32 969.21 970.14 965.94 969.81 
  936.9 943.74 943.84 935.8 931.6 934.07 931.02 941.71 934.43 927.35 933.64 
  877.25 869.97 873.46 869.97 872.96 861.85 872.67 869.97 873.46 873.18 876.96 
  826.78 832.1 835.88 829.75 825.56 824.3 830.92 834.74 828.4 830.46 827.9 
                        
45 2160.43 2151.81 2155.31 2162.29 2149.2 2165.78 2161.88 2155.31 2165.57 2152.15 2155.31 
  1683.06 1687.28 1683.78 ND 1687.1 1688.05 1690.5 1694.26 1686.13 1688.61 1689.36 
  1626.06 ND ND 1621.27 ND 1625.07 ND 1620.51 1635.87 1634.32 ND 
  1593.99 1595.26 1599.65 1596.46 1598.1 1589.48 1596.23 1594.66 1599.48 1593.3 1603.45 
  1498.11 1502.16 1498.67 ND 1502.25 1508.67 1507.29 1498.67 1482.93 1486.35 1502.16 
  1462.18 ND ND 1464.38 1470.26 1463.74 1466.38 ND 1475.41 1456.58 1458.77 
  1299.86 1291.97 1299.58 1302.14 1298.96 1291.18 1300.2 ND 1297.82 1307.9 1289.1 
  1209.24 1211.84 1208.85 ND 1213.31 1201.78 1208.69 1213.11 1210.56 1218.97 1201.78 
  966.93 965.98 968.11 967.83 966.55 941.9 965.46 ND 974.49 960.97 947.92 
  933.58 939.82 938.84 939.41 930.61 933.29 934.93 946.79 934.11 927.59 923.73 
  870.11 873.46 873.46 876.63 866.48 861.22 869.32 876.4 872.74 869.32 873.46 
  824.86 830.86 838.5 834.85 825.55 828.49 830.93 836.29 832.8 831.29 828.95 
  811.68 819.65 818.14 825.44 813.32 822.02 ND 818.1 812.21 824.24 ND 
ND = Not determined 
 5.3.1 Structural characterization of the co-crystals 
 5.3.1.1 Crystal structure of 12F 
The crystal structure analysis of 12F revealed three interesting features. First, there is an 
intermolecular hydrogen-bond between one of the 4,4'-bipyridine nitrogen atom and the –O-H 
group on the oxime moiety (H-O…N 2.705 Å, O-H…N 158.55 º) on adjacent molecules (Figure 
5.8). Second, it displays an intermolecular halogen-bond between the bromine atom and the 
second nitrogen atom of the bipyridyl moiety of an adjacent molecule, which extends the 
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individual molecules into an infinite 1-D chain (Br…N 2.792 Å, C-Br…N 170.72 º). Third, there 
seems to be a structure-stabilizing C-H…π interactions between the C-H moiety of 4,4'-bipyridine 
and the benzene ring of 12 (C-H…π 2.828 Å) on adjacent molecules. 
 
Figure 5.8 Section of the crystal structure of 12F displaying the infinite 1-D chains formed by a 
combination of hydrogen-bonds and halogen-bonds. 
 5.3.1.2 Crystal structure of 12K 
An examination of the crystal structure of 12K revealed a hydrogen-bond between one of 
the nitrogen atoms of 1,2-bis(4-pyridyl)ethylene and the –O-H group on the oxime moiety (H-
O…N 2.684 Å, O-H…N 164.27 º) on adjacent molecules (Figure 5.9). These molecules are 
assembled into an infinite 1-D chain by a halogen-bond between the bromine atom and the 
second nitrogen atom of the pyridyl moiety (Br…N 2.770 Å, C-Br…N 170.7 º). 
 
Figure 5.9 Section of the crystal structure of 12K displaying the infinite 1-D chains formed by a 
combination of hydrogen-bonds and halogen-bonds. 
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 5.3.1.3 Crystal structure of 45N 
The crystal structure analysis of 45N revealed three interesting features. First, an 
intermolecular hydrogen-bond between the oxygen atom on the 4,4'-bipyridine-N-monoxide and 
the –O-H group on the oxime moiety (H-O…O 2.647 Å, O-H…O 173.4 º) (Figure 5.10). Second, 
an intermolecular halogen-bond between the iodine atom and the nitrogen atom of the bipyridyl 
moiety, which results in an infinite 1-D chain (I…N 2.786 Å, C-I…N 176.95 º). Third, a structure-
stabilizing C-H…O interactions between the C-H moiety and the oxygen atom of adjacent 4,4'-
bipyridine-N-monoxide molecules, which interconnects adjacent 1-D chains (HC…O 3.221 Å, C-
H…O 2.342 Å). 
 
Figure 5.10 Section of the crystal structure of 45N displaying the infinite 1-D chains formed by 
a combination of hydrogen-bonds and halogen-bonds. 
 5.4 Discussion 
 5.4.1 Characterization of the co-crystals by infra-red spectroscopy (IR) 
The two ditopic HB/XB donor molecules were mixed in a 1:1 ratio with a total of 20 
HB/XB acceptor molecules (Figures 5.5, 5.6, and 5.7), and were screened for co-crystal 
formation by solvent-drop grinding method. The resulting solid from each of the 40 reactions 
was analyzed using IR spectroscopy. The formation of a multi-component co-crystal was 
determined by a careful examination of the entire IR spectrum for each reaction mixture and 
comparing it with the IR spectrum of each component, because the fundamental C-I and C-Br 
stretches, that are likely to be directly affected in the case of any halogen-bonding in the solid-
state were outside the detection range of our instrument (500-700 cm-1). Also, the C=N and the 
N-O stretches for the aldoxime moiety (directly affected in the case of hydrogen-bonding) 
sometimes get obscured in the fingerprint region of the IR spectrum (1000-1500 cm-1). 
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The characteristic stretches in 12 and 45, that were utilized for verifying the outcome of 
the co-crystallization experiments were the C=C stretching bands (1400-1500 cm-1; 1200-1300 
cm-1), the C−H in-plane bending (900-1000 cm-1) and the C-H out-of-plane bends (750-850 cm-
1). Apart from this the C≡C (2150-2200 cm-1) bond stretch was a very useful indicator of the 
presence/absence of halogen-bonding in the supramolecular assembly. Also, the C=N stretch 
(1600-1680 cm-1), and the N-O stretch (900-1000 cm-1) for the oxime moiety helped in 
deciphering the role of hydrogen-bonding in our system. 
A systematic analysis of the tabulated data (Tables 5.3 and 5.4) from the IR spectra of the 
40 reactions revealed that co-crystal formation resulted in significant shifts in the modes 
associated with the C≡C, C=N, C=C, N-O and C−H bonds, even though the magnitude of these 
shifts are relatively small, and they also lack consistency in terms of the direction of the change 
(blue/red shift). This observation can be rationalized on the basis of the fact that these bonds are 
not only affected by the primary interactions (HB/XB) in the solid-state, but are also affected by 
the changes in crystal packing and nearest-neighbors that arise in the co-crystals, when compared 
to the arrangement in the crystal-lattice of the molecules by themselves. 
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Table 5.3 FT-IR band shifts (A-J). 
  A B C D E F G H I J 
12 -3.4 3.9 -2.9 -5.2 -3.5 4.9 -4.5 0.0 0.0 -3.5 
  6.0 7.3 0.8 ND 7.6 10.1 16.3 12.2 ND ND 
  ND 0.2 -3.0 ND 2.0 ND 0.4 1.7 ND -1.9 
  4.2 -0.7 -0.3 -0.4 -1.3 2.0 1.0 -2.1 1.4 3.4 
  -6.4 -2.4 0.1 9.7 4.3 8.6 -8.9 10.0 -11.1 14.5 
  -3.6 -1.0 -4.4 -3.4 -11.4 1.8 4.0 -6.8 -0.8 3.2 
  1.6 -0.5 0.3 0.9 -9.6 6.5 -0.1 1.7 3.4 1.7 
  -2.2 2.0 0.4 -0.8 -0.2 3.1 3.1 4.4 0.1 3.6 
  4.8 -1.9 0.5 1.1 3.1 12.8 2.6 -1.6 1.4 0.3 
  14.6 4.9 0.3 -5.5 14.7 2.0 2.2 8.5 -9.4 7.6 
  3.4 3.3 1.3 3.0 -6.1 2.9 4.0 7.3 3.3 7.3 
  -0.7 1.7 0.9 -8.1 6.2 -4.8 -0.6 0.1 2.2 -0.1 
                      
45 6.4 1.6 -5.4 -5.7 -1.9 12.1 -8.9 5.1 2.2 -1.2 
  -7.8 -0.7 -0.7 ND -0.7 -0.7 -4.2 -4.2 -9.0 -1.7 
  12.2 4.3 2.2 -0.3 11.7 3.7 -0.1 ND ND ND 
  -1.7 -2.5 1.0 -1.7 15.0 4.4 -2.5 -2.5 -3.4 -2.1 
  -7.6 13.4 -0.6 -9.5 -3.8 -1.2 -11.0 -11.0 -2.5 6.0 
  -17.0 5.4 2.4 1.7 1.1 5.6 1.9 ND 6.9 5.9 
  0.3 0.3 -3.2 -1.3 -7.8 3.8 -1.4 1.3 1.8 2.0 
  -5.2 -6.5 0.5 -1.7 0.4 -3.4 0.5 7.0 0.6 -2.9 
  -0.5 9.6 -0.9 3.0 -1.4 8.3 -2.3 -0.8 4.5 -0.1 
  10.3 -2.8 0.7 -5.8 11.2 4.2 1.4 -5.2 6.0 -0.9 
  2.7 -3.4 -2.4 -2.5 -1.7 -1.8 -2.5 -0.9 3.5 -0.6 
  -1.1 0.1 0.1 -6.1 3.0 -5.9 -1.0 -2.9 -10.6 -0.9 
  4.7 -1.1 1.2 -1.5 1.1 -7.4 0.7 9.2 -4.2 9.4 
ND = Not determined 
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Table 5.4 FT-IR band shifts (K-T). 
  K L M N O P Q R S T 
12 7.0 7.0 -7.0 7.8 0.0 1.1 3.5 0.0 7.0 -3.5 
  0.7 9.8 2.1 ND 4.8 10.2 9.9 -8.4 ND ND 
  -6.2 ND -10.1 -2.6 ND ND 1.4 ND ND ND 
  4.9 4.9 1.4 8.3 1.4 3.6 2.1 5.8 -2.1 ND 
  -2.4 18.1 -6.5 -9.8 -5.8 -8.5 ND ND 4.0 -3.0 
  -14.3 -10.8 3.0 -4.4 -0.3 1.8 -0.3 10.6 6.7 -14.3 
  8.7 4.3 3.0 -1.7 10.1 0.1 2.1 2.0 -5.3 1.7 
  0.1 3.6 0.0 1.9 -1.0 0.2 3.6 3.8 -6.9 7.1 
  6.9 1.8 -1.5 4.8 ND 5.2 2.4 1.4 5.6 1.8 
  -6.8 -6.9 1.1 5.3 2.8 5.9 -4.8 2.5 9.6 3.3 
  7.3 3.8 7.3 4.3 15.4 4.6 7.3 3.8 4.1 0.3 
  -5.3 -9.1 -3.0 1.2 2.5 -4.1 -8.0 -1.6 -3.7 -1.1 
                      
45 8.6 5.1 -1.9 11.2 -5.4 -1.5 5.1 -5.1 8.3 5.1 
  -4.2 -0.7 ND -4.0 -5.0 -7.4 -11.2 -3.1 -5.6 -6.3 
  ND ND 4.8 ND 1.0 ND 5.6 -9.8 -8.3 ND 
  -1.3 -5.7 -2.5 -4.1 4.5 -2.2 -0.7 -5.5 0.7 -9.5 
  -4.1 -0.6 ND -4.1 -10.6 -9.2 -0.6 15.2 11.8 -4.1 
  ND ND -2.2 -8.1 -1.6 -4.2 ND -13.2 5.6 3.4 
  7.9 0.3 -2.3 0.9 8.7 -0.3 ND 2.0 -8.0 10.8 
  -2.6 0.4 ND -4.1 7.5 0.6 -3.9 -1.3 -9.7 7.5 
  1.0 -1.2 -0.9 0.4 25.0 1.5 ND -7.6 6.0 19.0 
  -6.2 -5.3 -5.8 3.0 0.3 -1.4 -13.2 -0.5 6.0 9.9 
  -3.4 -3.4 -6.5 3.6 8.9 0.8 -6.3 -2.6 0.8 -3.4 
  -6.0 -13.6 -10.0 -0.7 -3.6 -6.1 -11.4 -7.9 -6.4 -4.1 
  -8.0 -6.5 -13.8 -1.6 -10.3 ND -6.4 -0.5 -12.6 ND 
ND = Not determined 
Only after observing the IR stretches from both components in the IR spectrum of the 
products, and subsequently examining the magnitude of the shifts in the bond stretches, it was 
concluded whether a co-crystal had formed or not (Table 5.5). 
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Table 5.5 Determining the nature of bonding in the co-crystals on the basis of FT-IR shifts (A-
T). 
Co-former 12 45 
 HB XB HB XB 
A V V V V 
B V V V V 
C X X V V 
D ND V ND V 
E V V V V 
F V V V V 
G V V V V 
H V X V V 
I ND X V V 
J V V V V 
K V V V V 
L V V V V 
M V V V V 
N V V V V 
O V X V V 
P V V V V 
Q V V V V 
R V X V V 
S ND V V V 
T ND V V V 
ND = Not determined 
In accordance with literature data, coupled with the fact that the C=N and the N-O stretch 
would shift significantly upon co-crystal formation, as they are directly involved in hydrogen-
bonding, we assigned the stretch above 1600 cm-1 to the C=N bond of the oxime moiety, whereas 
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the stretch at 930-940 cm-1 was assigned to the N-O bond. These bonds helped us determine 
whether hydrogen-bonding was involved in the supramolecular assembly in each case (Table 
5.5). The C≡C bond stretch (2150-2200 cm-1) is a good indicator of the presence/absence of 
halogen-bonding in the crystal lattice. 
In the case of 45, every reaction yielded co-crystals in which both hydrogen and halogen-
bonds were participating in the assembly process. This is understandable as the unsaturated 
iodine atom is a good halogen-bond donor, because the iodine atom has a large σ-hole27 (and 
higher positive charge) (Table 5.6). Whereas in the case of 12, there was one experiment (12C) 
which did not produce any significant shifts in the IR stretches, and thus was deemed to be a no-
reaction. This can be explained on the basis of molecular electrostatic potentials (MEPs) (Table 
5.6 and 5.7). A bromine atom, having the smaller σ-hole, when compared to the iodine atom, 
coupled with the fact that acceptor C has the lowest MEP amongst the different acceptors, leads 
to a no-reaction in 12C. 
Table 5.6 Molecular electrostatic potentials (MEPs) for 12 and 45. 
Donor HB (kJ/mol) XB (kJ/mol) 
12 +261 +141 
45 +254 +164 
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Table 5.7 Molecular electrostatic potentials for the HB/XB acceptors, A-T. 
Co-former Acceptor 1 (kJ/mol) Acceptor 2 (kJ/mol) 
A -193 - 
B -214 - 
C -147 - 
D -177 - 
E -172 - 
F -175 - 
G -155 - 
H -162 - 
I -174 - 
J -160 - 
K -182 - 
L -186 - 
M -182 - 
N -184 -170 
O -163 -145 
P -179 -146 
Q -159 -145 
R -172 -166 
S -185 -181 
T -196 -178 
 
 5.4.2 Trends and explanations 
Although IR spectroscopy was reliably utilized for determining the presence/absence of 
hydrogen-bonds and halogen-bonds in the co-crystals, it is important to look at the single-crystal 
structure of the co-crystals, if any information about the selectivity between the two competing 
intermolecular interactions has to be obtained. We were able to get the solved single-crystal data 
for three of the 40 reactions, 12F, 12K and 45N, the results of which are discussed in the 
following sections. 
114 
 
 5.4.2.1 Co-crystals with symmetric ditopic acceptors 
There are three possible outcomes, when these ditopic HB/XB donors are co-crystallized 
with symmetric ditopic acceptors (Figure 5.11). Either hydrogen-bonding or halogen-bonding 
interactions can express themselves in a mutually-exclusive manner in the solid-state, or they can 
act as complementary interactions to each other (both will be expressed in such a case). 
 
Figure 5.11 Postulated outcomes for co-crystallization with symmetric ditopic acceptors. 
In two out of two cases (12F, 12K), both hydrogen-bonds and halogen-bonds were 
present leading to 1-D infinite chains, which suggests that in a system of “equal opportunities”, 
both these interactions can be tolerant of each other. 
 5.4.2.2 Co-crystals with asymmetric ditopic acceptors 
When the ditopic HB/XB donors are co-crystallized with asymmetric ditopic acceptors, it 
gives rise to four possibilities (Figure 5.12); (i) the oxime moiety (HB) will bind to both 
acceptors, (ii) the ethynylhalogenated moiety (XB) will bind to both acceptors, (iii) oxime 
moiety (HB) will bind to the best acceptor, whereas the ethynylhalogenated moiety (XB) will 
bind to the second-best acceptor, and (iv) ethynylhalogenated moiety (XB) will bind to the best 
acceptor, leaving the second best acceptor for the oxime moiety (HB). 
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Figure 5.12 Postulated outcomes for co-crystallization with asymmetric ditopic acceptors. 
In the only data point for this section (45N), the oxime moiety (HB) binds to the best 
acceptor (N-oxide oxygen atom), whereas the iodine atom binds to the second best acceptor 
(pyridine nitrogen atom). This can be rationalized on the basis of MEP values of both the HB and 
the XB donors (Table 5.6), because these intermolecular interactions are electrostatic in 
nature,13,25 and hence molecular electrostatic potentials are a good indicator of their behavior in 
the solid-state. Oxime O-H moiety has a MEP value of +254 kJ/mol, in comparison to +164 
kJ/mol MEP value on the iodine atom, consequently according to the best donor / best acceptor 
theory,28 it is perfectly reasonable to see the best donor going for the best acceptor in this case. 
 5.4.2.3 Br vs I 
The average Br…N bond distance for 12F and 12K is 2.792 Å, which corresponds to a 
Br…N contraction of 17.9% compared to the combined van der Waals radii of Br…N. In 
comparison, an I…N bond distance of 2.786 Å in 45N corresponds to a I…N contraction of 21.1% 
compared to the van der Waals radii of I…N, which demonstrates that the iodine atom is a better 
halogen-bond donor than the bromine atom (as long as both are ‘activated’ to the same extent). 
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This is in good agreement with the electrostatic argument which shows that the σ-hole on the 
iodine atom carries a higher positive charge than that on the bromine atom.27 
 5.4.3 Comparison with activated perfluorinated systems 
A search of the Cambridge Structural Database (CSD)29,30 for co-crystals of 2,3,5,6-
tetrafluoro-4-bromobenzaldehyde oxime produced two hits, one acceptor was a symmetric 
ditopic acceptor, whereas the other was a asymmetric ditopic acceptor. In both cases, the 
bromine atom did not participate in any structure-directing halogen-bonds (Figure 5.13), which is 
in contrast to our observations with 12 (participated in halogen-bonds). This leads us to believe 
that unsaturated halogenated compounds are better activators of the halogen atoms when 
compared to fluorinated compounds, and hence increase the propensity to form halogen-bonds in 
the solid-state. 
 
Figure 5.13 Section of the crystal structure of the co-crystal of 2,3,5,6-tetrafluoro-4-
bromobenzaldehyde oxime:1,2-bis(4-pyridyl)ethylene.31 
A search for co-crystals of 2,3,5,6-tetrafluoro-4-iodobenzaldehyde oxime, revealed a total 
of six hits, of which two acceptors were symmetric ditopic, and four asymmetric ditopic 
acceptors. In all cases, the activated iodine atom participates in halogen-bonds in the solid-state. 
For the symmetric acceptors, it acts as a complementary bond to hydrogen-bonds (gives rise to 1-
D motifs), whereas for the asymmetric acceptors it binds with the second best acceptor (Figure 
5.14), which is in agreement with 45N. 
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Figure 5.14 Section of the crystal structure of the co-crystal of of 2,3,5,6-tetrafluoro-4-
iodobenzaldehyde oxime:4,4'-bipyridine-N-monoxide.32 
 5.5 Conclusions 
We have designed and synthesized two ditopic hydrogen-bond (HB) and halogen-bond 
(XB) donor ligands and co-crystallized them with a series of 20 different acceptors belonging to 
three separate categories (monotopic, symmetric ditopic and asymmetric ditopic), for the purpose 
of investigating the interplay between these two forces of interactions when presented with 
unbiased and sterically unhindered systems. IR spectroscopy has been used as a preliminary and 
reliable tool to gather information on the presence/absence of HB/XB in the different cases. 
Single-crystal data has been used to investigate the selectivity between HB and XB in the solid-
state for our system. In two out of two cases with symmetric ditopic acceptors, both HB and XB 
were present leading to 1-D infinite chains, which suggests that in a system of “equal 
opportunities”, both these interactions can be tolerant of each other. In the only case with 
asymmetric ditopic acceptor, the HB donor binds to the best acceptor, whereas XB donor binds 
to the second best acceptor. This selectivity can be rationalized on the basis of electrostatic 
considerations, where the HB donor was shown to have a higher molecular electrostatic potential 
than the XB donor. Also, comparing the relative reduction in the combined X…N van der Waals 
radii (X = Br, I), demonstrates that the iodine atom is a better halogen-bond donor than the 
bromine atom. Finally, we also observed that unsaturated halogenated compounds are better 
activators of the halogen-bond when compared to fluorinated compounds. 
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Chapter 6 - Versatile 2,2'-bipyridine-copper(II) based metallo-
macrocycles 
 6.1 Introduction 
 6.1.1 Macrocyclic compounds 
Synthesis and properties of macrocyclic compounds have attracted considerable attention, 
owing to their immense use in the field of host-guest chemistry and molecular recognition. These 
frameworks have found multiple applications in ion-transport,1 chemosensors2,3 and imaging,4 
metallo-enzyme mimics,5 drug discovery,6 and catalysis.7 An example is a calixsalen macrocycle 
which acts as a fluorescent sensor for the detection of zinc(II) metal ions, and shows high 
selectivity toward Zn2+ over other competitive cations (Figure 6.1).8 
 
Figure 6.1 A calixsalen macrocycle as a selective fluorescent sensor for zinc(II) ions.8 
Selectivity of macrocycles and host-guest complex stability is dependent upon two 
important factors, i.e. cavity size and conformational flexibility.9 The binding of the guest to the 
host is accompanied by a complementary conformational change in the host, and a more flexible 
and dynamic macrocyclic host may adjust rapidly to the changing conditions, and possibly act as 
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better sensors due to faster response times and reversible binding.9 For example, Shimizu et. al 
synthesized two new 2,2'-bipyridine based macrocycles bridged by either ureas or triazinanone 
units, in which the metal binding sites could rotate and assume the best possible conformation to 
accommodate guests of different sizes (Figure 6.2).9 
 
Figure 6.2 Macrocycles with switchable 2,2'-bipyridine based metal binding sites.9 
 6.1.1.1 Anion binding in macrocycles 
Anions are ubiquitous in both biological processes and in organic and inorganic 
chemistry, but inherent problems such as solubility, hydration, large size, and numerous 
geometries, has made the field of anion binding by synthetic receptors a challenging one.10,11 
Different synthetic strategies such as recognition by proteins,10 neutral hosts,10 Lewis acid 
receptors,11 organometallic receptors,11 and transition metal complexes11 have been employed 
over the years, including a hydrogen-bonded strategy to encapsulate anions in macrocyclic 
receptors, based on the seminal work by Simmons et. al (Figure 6.3).12 
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Figure 6.3 Encapsulation of halide ions by diammonium katapinands.12 
Occasionally, hydrogen-bond based synthetic strategies suffer from problems such as 
hydration (large energetic penalty for binding to anions) and competing hydrogen-bonding 
moieties in solution.11 A feasible alternative is the direct bridging of the anion between a 
positively charged dimetallic center, wherein the assembly of the coordination architecture is 
controlled by coordinating the metal centers to an organic scaffold.10 The designed organic 
scaffold should ideally have chelating sites for the metal atoms, where the metal-metal distance 
is controlled by the length and rigidity of the organic backbone.10 A simple example is provided 
by the Cu(II)-bistren system, wherein the dinuclear copper complex binds chloride ions in water 
and the anion binding is proven to occur in a μ-bridging fashion (Figure 6.4).13 
 
Figure 6.4 A dinuclear Cu(II) complex capable of binding chloride ions.13 
Although extensive work has been done on dimetallic macrocyclic receptors that can 
adjust their coordination modes and change their conformation for encapsulating specific anions 
in solution, there is still a need for versatile and modular receptors in which the organic scaffold 
is capable of controlling the metal-metal distance (by varying the cavity size), along with 
encapsulating guests of varying sizes. 
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 6.1.2 Rationale for the design of the metallo-macrocycle 
The immense use of dimetallic macrocyclic receptors in the field of anion capture and 
catalysis, motivated us to design a metallo-macrocycle based on three important factors (Figure 
6.5): 
 Versatility – develop a model macrocycle based on the 2,2'-bipyridyl backbone that can 
bind different metal ions and hence can cater to a range of host-guest chemistry. 
 Modularity – the flexibility in the arm-length of the macrocycle gives rise to pockets of 
different sizes. 
 Selectivity – the pocket size of the macrocycle can be tailored to the dimensions of the 
targeted guest. 
 
Figure 6.5 Design of a versatile and modular macrocycle capable of guest capture. 
 6.1.2.1 Molecular modeling of the macrocycle 
The validity of the design of the macrocycle was tested by modeling the structure in 
Spartan’04 (Wave function, Inc. Irvine, CA) using DFT B3LYP/6-31G* ab initio calculations, 
and examining the dimensions of the host cavity (Figure 6.6). 
 
Figure 6.6 Force-field geometry optimization of the macrocycle (left), and the metallo-
macrocycle (right). 
124 
 
The geometry optimized structure of the macrocycle shows that the 2,2'-bipyridyl 
nitrogen atoms exist in the anti-conformation, and the overall structure lacks any significant 
cavities. Upon complexation with copper ions, there is a conformational change in the organic 
scaffold to accommodate the metal atoms (the bipyridyl nitrogen atoms exist in the syn-
conformation), which in turn gives rise to a rectangular-shaped pocket (12 Å x 6 Å), where the 
metal-metal distance is approximately 10 Å. The rectangular pocket can be used for the 
encapsulation of different guests. 
 6.1.2.2 Goals 
Herein, we have outlined the design of a versatile and modular metallo-macrocycle, 
which can be used for host-guest chemistry (Figure 6.7). 
 
Figure 6.7 Dynamic macrocycle based on the 2,2'-bipyridyl backbone. 
In this chapter, we are particularly interested in: 
 Synthesizing and successfully characterizing the above macrocycle. 
 Determining the macrocycle:metal stoichiometric ratio in solution. 
 6.2 Experimental 
 6.2.1 Synthesis 
All chemicals were purchased from Aldrich and used without further purification, unless 
otherwise noted. Melting points were determined on a Fisher-Johns melting point apparatus and 
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are uncorrected. 1H and 13C NMR spectra were recorded on a Varian Unity plus 400 MHz 
spectrometer in CDCl3 or d6-DMSO. Infrared spectroscopy (IR) was done on a Nicolet 380 FT-
IR. Electrospray Ionization Mass Spectrometry (ESI-MS) was carried out on a Bruker Daltonics 
Esquire 3000 Plus. 
 6.2.1.1 Synthesis of 6,6'-dimethyl-2,2'-bipyridine,14 46 
 
Under a nitrogen atmosphere, dry THF (50.0 mL) was added to a clean and dry round-
bottom flask, to which Ni(PPh3)2Cl2 (3.42 g, 5.22 mmol) and Et4NI (4.47 g, 17.4 mmol) was 
added. Zinc dust (1.71 g, 26.1 mmol) was then added to the resulting slurry, and the mixture was 
stirred under dinitrogen. After 30 minutes the reaction mixture was heated to 50 ºC and 2-bromo-
6-methylpyridine (3.0 g, 17.4 mmol) in dry THF (15.0 mL) was added. The resulting mixture 
was stirred for 16 h at 50 ºC, after which it was poured over 2 M aqueous ammonia (80.0 mL), 
filtered, and washed with diethyl ether (50.0 mL) and hexane (50.0 mL). The organic layer was 
separated and the aqueous layer was extracted with diethyl ether/hexane (1:1, v/v). The 
combined organic layer was washed with water and aqueous sodium chloride, dried over 
anhydrous magnesium sulfate, and evaporated. The residue was purified by silica-gel column 
chromatography using petroleum ether-ethylacetate (96:4, v/v) as the eluent. The solvent was 
removed under vacuum, and the resulting white powder was recrystallized from ethylacetate to 
yield colorless prism-shaped crystals. Yield: 1.18 g (74%); mp 90-93˚C (lit., 93-95˚C)14; 1H 
NMR (δH; CDCl3, 400MHz): 2.63 (s, 6 H), 7.15 (d, J=7.81 Hz, 2 H), 7.68 (t, J=7.81 Hz, 2 H), 
8.17 (d, J=7.81 Hz, 2 H). 
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 6.2.1.2 Synthesis of 2,2'-bipyridine-6,6'-dicarboxylic acid,15 47 
 
To a solution of 46 (1.0 g, 5.43 mmol) in 15.0 mL of concentrated sulfuric acid, 3.26 g 
(32.58 mmol) of CrO3 was added in small portions at 70 ºC. The reaction mixture was stirred for 
1 h at 70 ºC, after which the resulting green slurry was allowed to reach room temperature, and 
then poured over 30 g of crushed ice. The white precipitate was filtered, washed several times 
with water, and air dried. Yield: 1.15 g (87%); mp 287˚C d (lit., 286˚C)16; 1H NMR (δH; DMSO-
d6, 400MHz): 8.10 - 8.23 (m, 4 H), 8.75 (d, J=7.91 Hz, 2 H), 13.29 (br. s, 2 H). 
 6.2.1.3 Synthesis of di(prop-2-yn-1-yl)[2,2'-bipyridine]-6,6'-dicarboxylate, 48 
 
In a round-bottom flask, 0.90 g (3.69 mmol) of 47 was mixed with 8.0 mL of thionyl 
chloride. The reaction mixture was refluxed overnight, and the solvent from the resulting clear 
solution was removed under vacuum to obtain a white residue, which was washed twice with 
petroleum ether, and dissolved in dry THF. The resulting solution was slowly added dropwise 
into a mixture of 20.0 mL of dry THF containing 0.65 mL (0.62 g, 11.07 mmol) propargyl 
alcohol and 1.35 g (11.07 mmol) DMAP (4-(dimethylamino)pyridine) at the temperature of an 
ice-bath. The resulting slurry was then stirred for 24 hr at room temperature, after which the 
solvent was removed under vacuum, and the white residue was extracted in ethylacetate, and 
washed with water (50.0 mL x 2), and brine (50.0 mL). The organic layer was removed under 
vacuum and the product was obtained as a white powder. Yield: 0.98 g (83%); mp 156-158˚C; 
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1H NMR (δH; DMSO-d6, 400MHz): 3.66 (t, J=2.15 Hz, 2 H), 5.05 (d, J=2.15 Hz, 4 H), 8.14 - 
8.30 (m, 4 H), 8.64 (d, J=7.78 Hz, 2 H); 13C NMR (δC; DMSO-d6, 400MHz): 53.05, 78.23, 
124.44, 125.82, 139.29, 146.80, 154.60, 163.72; IR (neat, υ/cm-1): 3257, 2135 (C≡C), 1718 
(C=O), 1578, 1439, 1372, 1300, 1254, 1143, 1072, 990, 949, 830. 
 6.2.1.4 Synthesis of bis(di(prop-2-yn-1-yl)[2,2'-bipyridine]-6,6'-dicarboxylate), 49 
 
In a 5.0 L round-bottom flask, 0.78 g (3.88 mmol) of Cu(II)(CH3COO)2.H2O was 
dissolved in an acetonitrile (600 mL) and triethylamine (1000 mL) mixture (solution A). In 
another round-bottom flask, 0.62 g (1.94 mmol) of 48 was dissolved in acetonitrile (400 mL) 
(solution B). Solution B was added dropwise to solution A with rapid stirring, over a period of 
eight hours (for experimental set-up, see Figure 6.8). Upon completion of the addition, the 
resulting green solution was stirred at room temperature for 15 h, after which a light blue 
precipitate could be seen floating in the solution. The precipitate was filtered, washed with water 
(20 mL x 4), and air dried. The light blue powder was then suspended in 2 M aqueous ammonia, 
and the resulting slurry was stirred at room temperature for 30 minutes, after which the light 
brown precipitate was filtered, washed with water (20 mL x 3), and air dried to obtain pure 
product. Yield: 0.17 g (28%); mp 218˚C d; 1H NMR (δH; DMSO-d6, 400MHz): 5.19 (s, 8 H), 
8.15 - 8.16 (m, 8 H), 8.43 - 8.46 (m, 4 H); IR (neat, υ/cm-1): 3085, 2975, 2268 (C≡C), 2155 
(C≡C), 1748 (C=O), 1726 (C=O), 1584, 1560, 1433, 1373, 1305, 1255, 1243, 1220, 1142, 1130, 
1094, 1075, 980, 950, 823; ESI-MS m/z 637 ([49 + H]+). 
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Figure 6.8 High dilution synthesis of 49. 
 6.2.2 UV-visible spectroscopy titrations 
The UV-visible spectrum of the macrocycle (49) was recorded on a Shimadzu UV-Vis-
1650PC spectrophotometer in spectrophotometric grade dimethyl sulfoxide (DMSO) as solvent. 
The macrocycle : copper(II) stoichiometry was determined by Job’s continuous variation method 
involving UV-visible titrations.17 A series of solutions containing 49 and Cu(II)(ClO4)2.6H2O 
were prepared such that the sum of the total metal ion and 49 concentration remained constant 
(50 μM). The mole fraction (X) of 49 was varied from 0.0 to 1.0. The corrected absorbance 
(Aobserved – Amacrocycle – Acopper(II)) at 330 nm (Table 6.1) and 338 nm (Table 6.2) was plotted 
against the molar fraction of the macrocycle solution to obtain the Job’s plot. 
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Table 6.1 UV-visible data for the Job’s plot at λmax = 330 nm. 
Host 
Conc. 
         
2.5mg 10mL 
DMSO 
0.00039 
mol/L 
       
M.W. - 
636.0 
                 
  Diluted 
to 
               
3.18mL 
stock 
25mL 
DMSO 
0.00005 
mol/L 
λmax = 
330.0 nm 
A = 0.004 ε = 80        
          
Guest 
Conc. 
         
8.2mg 10mL 
DMSO 
0.00221 
mol/L 
       
M.W. - 
370.53 
               
  Diluted 
to 
                
0.565mL 
stock 
25mL 
DMSO 
0.00005 
mol/L 
λmax = 
330.0 nm 
A = 0.054 ε = 1080         
                    
          λmax = 330.0 
nm 
        
S. No. Vol. 
Host 
(mL) 
Vol. 
Guest 
(mL) 
A(obs.) Conc. Host 
(mol/L) 
A(host) Conc. 
Guest 
(mol/L) 
A(guest) A(obs.) - 
A(host) - 
A(guest) 
(Conc. 
Host) / 
Total 
Conc. 
1 4.00 0.00 0.0040 0.00005000 0.0040 0.00000000 0.0000 0.000000 1.0000 
2 3.50 0.50 0.0110 0.00004375 0.0035 0.00000625 0.0068 0.000750 0.8750 
3 3.00 1.00 0.0180 0.00003750 0.0030 0.00001250 0.0135 0.001500 0.7500 
4 2.00 2.00 0.0340 0.00002500 0.0020 0.00002500 0.0270 0.005000 0.5000 
5 1.50 2.50 0.0420 0.00001875 0.0015 0.00003125 0.0338 0.006750 0.3750 
6 1.25 2.75 0.0440 0.00001563 0.0013 0.00003438 0.0371 0.005625 0.3125 
7 1.00 3.00 0.0470 0.00001250 0.0010 0.00003750 0.0405 0.005500 0.2500 
8 0.00 4.00 0.0540 0.00000000 0.0000 0.00005000 0.0540 0.000000 0.0000 
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Table 6.2 UV-visible data for the Job’s plot at λmax = 338 nm. 
Host 
Conc. 
                  
2.5mg 10mL 
DMSO 
0.00039 
mol/L 
              
M.W. - 
636.0 
                  
  Diluted 
to 
                
3.18mL 
stock 
25mL 
DMSO 
0.00005 
mol/L 
λmax = 
338.0 nm 
A = 0.012 ε = 240         
                    
Guest 
Conc. 
                  
8.2mg 10mL 
DMSO 
0.00221 
mol/L 
              
M.W. - 
370.5 
                  
  Diluted 
to 
                
0.565mL 
stock 
25mL 
DMSO 
0.00005 
mol/L 
λmax = 
338.0 nm 
A = 0.041 ε = 820         
                    
          λmax = 338.0 
nm 
        
S. No. Vol. 
Host 
(mL) 
Vol. 
Guest 
(mL) 
A(obs.) Conc. Host 
(mol/L) 
A(host) Conc. Guest 
(mol/L) 
A(guest) A(obs.) - 
A(host) - 
A(guest) 
(Conc. 
Host) / 
Total 
Conc. 
1 4.00 0.00 0.0120 0.00005000 0.0120 0.00000000 0.0000 0.000000 1.0000 
2 3.50 0.50 0.0160 0.00004375 0.0105 0.00000625 0.0051 0.000375 0.8750 
3 3.00 1.00 0.0210 0.00003750 0.0090 0.00001250 0.0103 0.001750 0.7500 
4 2.00 2.00 0.0310 0.00002500 0.0060 0.00002500 0.0205 0.004500 0.5000 
5 1.50 2.50 0.0360 0.00001875 0.0045 0.00003125 0.0256 0.005875 0.3750 
6 1.25 2.75 0.0370 0.00001563 0.0038 0.00003438 0.0282 0.005063 0.3125 
7 1.00 3.00 0.0390 0.00001250 0.0030 0.00003750 0.0308 0.005250 0.2500 
8 0.00 4.00 0.0410 0.00000000 0.0000 0.00005000 0.0410 0.000000 0.0000 
 
 6.2.3 Molecular modeling 
Molecular modeling was performed on the macrocycle (49) using Spartan’04 
(Wavefunction, Inc. Irvine, CA). The molecular geometry was optimized using DFT B3LYP/6-
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31G* ab initio calculations, with the maxima and minima in the electrostatic potential surface 
(0.002 e au-1 iso-surface) determined using a positive point charge in the vacuum as a probe. 
Also force-field geometry optimization was performed on the macrocycle-copper(II) complex. 
 6.3 Results and discussion 
 6.3.1 Characterization of 49 
 6.3.1.1 Infra-red spectroscopy 
IR spectroscopy is a reliable tool for the characterization of the products in the synthesis 
of 49. A salient feature in the IR spectra of 47-49 is the presence of the carbonyl stretch around 
1700 cm-1, which varies with the substituent. 47 being a carboxylic acid shows a carbonyl stretch 
at 1697 cm-1, which shifts to 1718 cm-1 upon conversion to the corresponding ester in 48. 
Furthermore, the C≡C stretch in 48 at 2135 cm-1, also serves as a distinctive marker. Finally, 
there is a clear change in the IR spectrum of 48 upon conversion to the macrocycle (49), where 
the carbonyl stretch at 1718 cm-1 shifts to 1726 cm-1 (Figure 6.9), along with the appearance of a 
new carbonyl stretch at 1748 cm-1, which is possibly due to the existence of the carbonyl 
moieties in different environments in the strained macrocycle. 
 
Figure 6.9 IR spectra illustrating the conversion of the alkyne pre-cursor (48) to the macrocycle 
(49). 
 6.3.1.2 1H NMR spectroscopy 
1H NMR spectroscopy has been successfully employed for the characterization of the 
products (46-49). The 1H NMR spectrum of 48 has two important features (apart from the 
132 
 
aromatic region), the doublet at 5.05 ppm for the methylene protons, and the triplet at 3.68 ppm 
for the terminal alkyne proton (Figure 6.10). The conversion of 48 to the corresponding 
macrocycle (49) results in distinctive changes in the NMR spectrum. As expected, the terminal 
alkyne protons are completely absent in 49 (because of bridging of the terminal alkynes), 
whereas the methylene protons shift by 0.13 ppm, and appear as a singlet in the absence of long-
range coupling with the terminal alkyne proton. 
 
Figure 6.10 1H NMR spectra illustrating the conversion of the alkyne pre-cursor (48) to the 
macrocycle (49). 
 6.3.1.3 Mass spectroscopy 
ESI-MS analysis confirms the successful synthesis and characterization of the 
macrocycle, as evidenced by the presence of m/z 637 [49 + H]+ and 659 [49 + Na]+ (Figure 6.11). 
Also, the observed isotopic pattern matches the expected isotopic pattern (Figure 6.11 - Inset). 
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Figure 6.11 ESI-MS spectrum of 49 (Inset - isotopic pattern). 
 6.3.1.4 UV-visible spectroscopy 
The UV-visible spectrum of the macrocycle (49) shows two absorption bands, centered at 
λmax = 258.5 and 283.0 nm (Figure 6.12). 
 
Figure 6.12 UV-visible spectrum of 49. 
The highest occupied molecular orbital surfaces (HOMO) and the lowest unoccupied 
molecular orbital surfaces (LUMO) have been determined by DFT B3LYP/6-31G* ab initio 
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methods (Figure 6.13), which shows that the LUMO is located on the bipyridyl ring, whereas the 
HOMO and HOMO{-1} are spread out over the conjugated alkyne bridge. Finally, HOMO{-2} 
and HOMO{-3} are located on the aromatic rings and the lone pairs on the nitrogen atoms, 
which gives rise to the possibility of π→π* and n→π* transitions between HOMO{-2} / 
HOMO{-3} and the LUMO.18 As a result, the absorption bands at 258.5 nm and 283.0 nm in the 
UV-visible spectrum of 49, can be assigned to π→π* and n→π* transitions, respectively. 
 
Figure 6.13 Calculated molecular orbitals (HOMO and LUMO) for 49. 
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 6.3.2 Coordination of 49 with copper(II) ions and determination of stoichiometry 
The macrocycle:Cu(II) stoichiometry has been determined in solution by Job’s 
continuous variation method utilizing UV-visible spectroscopy.17 The UV-visible spectra of the 
prepared solutions were recorded and plotted as a single graph (Figure 6.14). 
 
 
Figure 6.14 Determination of 49 : Cu2+ stoichiometry by continuous variation method using UV-
visible spectroscopy (a); new absorption band (b). 
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There are three notable observations from the UV-visible titrations of the 49 with 
copper(II); (i) First, the appearance of a new absorption band at 330 nm, possibly due to 
conformational changes in 49 upon complexation with Cu(II), (ii) second, the decrease in the 
intensity and subsequent broadening of the band at 283 nm, due to loss of n→π* transitions in 49 
(because of the coordination of the nitrogen atoms on the bipyridyl rings to the metal atoms), and 
(iii) third, the decrease in the intensity of the band at 258.5 nm resembling a dilution event (this 
band is unaffected by the metal complexation, as it is probably arising from π→π* transitions). 
The corrected absorbance (Aobserved – Amacrocycle – Acopper(II)) at 330 nm (Figure 6.15 a) and 
338 nm (Figure 6.15 b) was plotted against the molar fraction of the macrocycle solution to 
obtain the Job’s plot. 
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Figure 6.15 Job’s plot for determining the macrocycle : metal stoichiometry at λmax = 330.0 nm 
(a), and at λmax = 338.0 nm (b). 
The maximum corrected absorbance in the Job’s plot corresponds to a macrocycle mole 
fraction of 0.36 - 0.38, which proves that the correct macrocycle:copper(II) stoichiometry is 1:2. 
This is expected, as the two 2,2'-bipyridyl sites in 49 are capable of binding a metal atom each. 
 6.3.3 Future work 
 6.3.3.1 Modularity in the macrocyclic system 
The pocket size of the macrocycle can be easily varied by changing the number of 
bridging methylene carbons in the arms of the macrocycle (Figure 6.16), which in turn will 
enable in tuning the metal-metal distance within the metallo-macrocycle cavity. This versatility 
in the synthesis can help in designing macrocycles with greater selectivity for different guests, 
and thus can be applied in various fields, such as anion-binding and hydrolysis of organo-
phosphorus compounds.19,20 
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Figure 6.16 Easily modifiable arms for tuning the selectivity and the pocket size. 
 6.3.3.2 Modifying the solubility 
Often, solubility is a challenging factor in the host-guest studies involving macrocyclic 
compounds. This can be overcome in our system by adding R groups, which tend to improve 
solubility (such as acids and oximes) in the 5,5' position on the aromatic rings. 
 
Figure 6.17 Improving the solubility by functionalizing the macrocycle with solubilizing groups. 
 6.4 Conclusions 
Macrocyclic compounds having dimetallic centers are very useful in the field of host-
guest chemistry (anion capture, catalysis, and sensing), and hence there is a need to synthesize 
dynamic and versatile metallo-macrocycles. We have synthesized and successfully characterized 
a modular and versatile 2,2'-bipyridyl based metallo-macrocycle, wherein it is easy to control the 
size of the cavity, and hence the selectivity of the system. The macrocycle:metal stoichiometry 
has been determined by Job’s continuous variation method, and is found to be in the expected 
1:2 ratio. 
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Chapter 7 - Summary 
Supramolecular chemistry relies on a variety of non-covalent intermolecular interactions 
such as coordinate bonds, hydrogen bonds, halogen bonds, and π-π interactions, for assembling 
supramolecular architectures. Although the use of non-covalent interactions brings reversibility 
to supramolecular synthesis, the formation and isolation of pure products become more 
challenging in comparison to organic synthesis, where the use of stronger covalent bonds allows 
for multi-step synthesis and the isolation and purification of intermediates. Hence, for the 
purpose of a predictable and reliable assembly, it is all the more important to identify and 
establish robust supramolecular synthons for building supermolecules. 
We identified oximes as reliable supramolecular synthons as they are ubiquitous in both 
research laboratories (self-complementary hydrogen-bond donors and effective metal-
coordinating ligands), and in industries (antidote for organophosphate poisoning). A series of 
aldoximes and ketoximes were synthesized via a “green” and versatile mechanochemical route, 
and in order to test the limits and limitations (if any) of this synthetic pathway, we decorated 
them with a range of electron-withdrawing, electron-donating, structurally active, 
multifunctionalized, and aliphatic functional groups. Our synthetic route was found to be robust, 
and tolerant of a range of aldehyde/ketone-oxime conversions. The relative reactivity of 
aldehydes vs ketones, and any electronic effects involved in these transformations were also 
investigated, and it was found that aldehydes showed a greater reactivity, and also that electron-
withdrawing substituents enhanced the reactivity. 
Thereafter, we investigated and established the nature of oxime…oxime homomeric 
intermolecular interactions present in the solid-state for four major categories of oximes 
(aldoxime, ketoxime, amidoxime, and cyano-oxime) by systematically examining the existing 
single-crystal data on oximes in the Cambridge Structural Database (CSD), complemented by 
three of our own crystal structures. We found that the oximes could be divided into four 
categories based on the distinct supramolecular synthons that they presented in the solid-state: (i) 
O–H···N dimers ( (6)), (ii) O–H···N catemers (C(3)), (iii) O–H···O catemers (C(2)), and (iv) 
oximes in which the R′ group accepts a hydrogen bond from the oxime moiety catemers (C(6)). 
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This study will add to the existing knowledge of crystal engineers who are seeking 
supramolecular assembly based on the oxime motif. 
The competitive or complementary nature of hydrogen bonds and halogen bonds in a 
system has been an area of research for the past decade, as the possibility of utilizing both these 
tools of communication simultaneously to build complicated supramolecular architectures can 
lead to exciting possibilities with applications in ion-pair recognition and chemical separations. 
As a result, we designed and synthesized two supramolecular reactants containing distinct 
hydrogen-bond donor (oxime motif) and halogen-bond donor sites (ethynyl-halogenated species) 
on the same organic backbone, so as to avoid any kind of geometric or steric bias. These donors 
were co-crystallized with a series of twenty different acceptors, and the resulting co-crystals have 
been analyzed by infra-red spectroscopy (IR) for the presence/absence of hydrogen/halogen 
bonds in the solid-state. Also, the nature of selectivity and competition between the two 
intermolecular forces has been revealed by an examination of the three new single-crystal 
structures, wherein it is observed that the two forces of interaction act in a complementary 
manner and are tolerant of each other in systems with ‘equal’ opportunities. 
Finally, we designed and successfully carried out a multi-step synthesis (via high dilution 
methods) of a versatile and robust metallo-macrocycle based on the 2,2'-bipyridine backbone that 
is capable of controlling the metal-metal distance within the macrocyclic cavity. The 
macrocycle:copper(II) stoichiometric ratio has been determined to be 1:2 by Job’s continuous 
variation method utilizing UV-visible spectroscopy. This research directly benefits chemists 
working in the field of anion-recognition, host-guest chemistry, catalysis, and sensing. 
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Appendix A - 1H and 13C NMR data 
 
Figure A.1 1H NMR spectrum of 3. 
 
Figure A.2 13C NMR spectrum of 3. 
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Figure A.3 1H NMR spectrum of 4. 
 
Figure A.4 13C NMR spectrum of 4. 
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Figure A.5 1H NMR spectrum of 5. 
 
Figure A.6 13C NMR spectrum of 5. 
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Figure A.7 1H NMR spectrum of 6. 
 
Figure A.8 1H NMR spectrum of 7. 
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Figure A.9 1H NMR spectrum of 8. 
 
Figure A.10 1H NMR spectrum of 9. 
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Figure A.11 1H NMR spectrum of 10. 
 
Figure A.12 1H NMR spectrum of 11. 
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Figure A.13 1H NMR spectrum of 12. 
 
Figure A.14 13C NMR spectrum of 12. 
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Figure A.15 1H NMR spectrum of 13. 
 
Figure A.16 1H NMR spectrum of 14. 
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Figure A.17 1H NMR spectrum of 15. 
 
Figure A.18 1H NMR spectrum of 16. 
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Figure A.19 1H NMR spectrum of 17. 
 
Figure A.20 1H NMR spectrum of 18. 
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Figure A.21 1H NMR spectrum of 19. 
 
Figure A.22 1H NMR spectrum of 20. 
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Figure A.23 1H NMR spectrum of 21. 
 
Figure A.24 1H NMR spectrum of 22. 
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Figure A.25 1H NMR spectrum of 23. 
 
Figure A.26 1H NMR spectrum of 24. 
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Figure A.27 1H NMR spectrum of 25. 
 
Figure A.28 1H NMR spectrum of 26. 
156 
 
 
Figure A.29 1H NMR spectrum of 27. 
 
Figure A.30 1H NMR spectrum of 28. 
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Figure A.31 1H NMR spectrum of 29. 
 
Figure A.32 1H NMR spectrum of 30. 
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Figure A.33 1H NMR spectrum of 31. 
 
Figure A.34 1H NMR spectrum of 32. 
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Figure A.35 1H NMR spectrum of 33. 
 
Figure A.36 1H NMR spectrum of 34. 
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Figure A.37 1H NMR spectrum of 35. 
 
Figure A.38 1H NMR spectrum of 36. 
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Figure A.39 1H NMR spectrum of 37. 
 
Figure A.40 1H NMR spectrum of 38. 
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Figure A.41 1H NMR spectrum of 39. 
 
Figure A.42 1H NMR spectrum of 40. 
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Figure A.43 1H NMR spectrum of 41. 
 
Figure A.44 1H NMR spectrum of 42. 
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Figure A.45 1H NMR spectrum of 43. 
 
Figure A.46 1H NMR spectrum of 44. 
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Figure A.47 1H NMR spectrum of 45. 
 
Figure A.48 13C NMR spectrum of 45. 
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Figure A.49 1H NMR spectrum of 46. 
 
Figure A.50 1H NMR spectrum of 47. 
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Figure A.51 1H NMR spectrum of 48. 
 
Figure A.52 13C NMR spectrum of 48. 
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Figure A.53 1H NMR spectrum of 49. 
